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SECTION 1

INTRODUCTION

This technical report summarizes the work performed on

NC L contract number N62471-87-C-306, "Determination of -e

_:es- Zround-?enetra:ing Radar Source Signal Type :cr ccurate

Lcca n of ~Under :grcund Ut.... .. The reort

sever-al sections describing the work performed on zhe r-a

and the results obtained.

There are many applications today for ground-penetrating
radar (GPR) systems with varying requirements. These

apolications encompass utility pipe detection, subsurface
highway surveys, archaeological surveys, mine shaft detec--icn
and more. Many GPR systems have been developed to meet these
needs. The designs of the -PR systems are as varied as thei
applications.

Each application requires that the GPR provide informa: -. -

about the subsurface target(s) of interest and that the signa-

from the desired target(s) be distinguishable from ot.er
signals, for example, from those generated by the surrcundin

med-a. Thus, the potential GPR user identifies system
nerformance recuirements such as depth penetration, target

resolution, range accuracy, measurement speed, power
consumption, and the GPR physical dimensions. These
Serformance requirements translate into the radar system Jes-

para.me-ers of bandwidth, pulse width, resolution, range
accuracy, maximum range, pulse repetition frequency (PRF)
required radiated rower levels, permitted radiated power
eves, measurement scan speeds, etc.

All a .ar d gns whether or not they are used for
applications, incorporate well-eszablished signal prccessing
tecn- -,, ues. Most o t" e basic radar parameters are .eterm".-
by uising Fourier Transform analysis. Thus, radar system
designers must an-roach t'-ir design requirements by
oo-sidering time-..-.main and frequency-dcmain fundamentals.

-:w domains are linked; and the solution to a given probe.
e a:race from either doain. ns... , ss:eMS



have been built using time-domain techniques, frequency-domain
technicues, and combinations of both.

Most of the time-domain GPR systems use baseband pulsers
with nulse widths and power levels determined by the design
requirements. However, optimum pulse shapes are difficult to
generate. These time-domain systems often use simnle

broadband sampling receivers which produce low-frequency cutpu-
wa eforms that are easily recorded and displayed. Many
zf ::erent signai--rocessing techniques have been applied to
-ime-domain PR output data to enhance target detecticn ano

Frequency-domain GPR systems typically use RF frequency-
modulation techniques. These systems are usually larger and
more expensive than their time-domain counterparts. .owever,
the frequency-domain systems offer more flexibility in RF
bandwidth selection. Forthermore, receivers and transmit-ers

can be designed that yield better overall system clutter and
ncise performance than their time-domaln counterparts. Cutout
*ata from the frequency-domain radars must usually undergo
complex signal processing before it can be easily interpreted
by the operator.

The purpose of this GPR signal source evaluation program
'was to identify which type of GPR system provided the best
2erformance, based on the crterla of depth penetration,
resolution, and signal-tto-cluter performance. GAR tested t'.o
roused GPR systems, as "we l as a FM-OW based CPR system, and a
stecceI FM-based system to determ.ne which technology yi =

-.e best results. Each of the systems was tested on a scale-
mcdel test tank containing homogeneous soil with known buri.ed
targets and probes. Two different soil types were modeled with
one tank to simulate a- medium-loss environment and a low-loss
env'ironment.



SECTION 2

SUMMARY OF WORK PERFORMED

Early work on the program involved the specification cf

the candidate scale-model GPR source signal types, te design

of a suitable soil scale-model tank for testing the CPR

systems, the analytical modeling of the CPR pipe detectcn

obem, and the fabrication of antennas to be used for -es--n-

he candidate PR systems. he remainder of the prcgr work
nc.luded so.1 -z an k measurements with each of the candida-e

systems, the examination of the corresponding data collecced
from these measurements, and the evaluation of the performance

obtained from each of the candidate systems. A reccmmenda-on

cased on this evaluation was made which specified the otimum
.. sucsgnal for accurate utility location. nally,

fuR -source vesio ofa'_- ah P " po
:u I-scale version of the GPR system producing the best scale-
model performance was qualitatively tested on an out.door pipe
-est field at the GAR facility.

Four types of GPR systems "o;ere selected for testing. -W:

systems 'were time-domain short-pulse radars; one was a swe--

frequency FM-CW system, and one was a stepped-FM system. AiI'
four systems represent radar technology that had been applied

to GPR problems :n the past. One of the short-pulse radar

systems is built by Gulf' Applied Research (GAR) and utilizes a
one-nanosecond monocycle pulser and an equivalent-time sam:Din.
receiver. The other short-pulse radar is built by Gecphysical
Survey Systems, :nc. (OSSI) and uses a balanced, one-nanoseccn

unipoar pulser and an equivalent-time sampling receiv e r .

Sfrequency-domain systems were simulated using a Hewle -
Packard 81.30 network ana:yzer. The network analyzer -was
...erated i- its time-domain mode with synthesized one-
.ancsecnd un::oar pulses. Thus, the performance of all u-
7sems could be aDcroriatel y commared by examining the:
-me-dcmaln, or simulated time-domain responses. Functional

descr-ptions of the candidate CPR systems are included in
Section 6.

The pipe target detection problem was modeled analytica

:n order to evaluate the expected performance of GPR systems.

An approximate analytical model based on the radar ran.e
w,;uat... was used. :-e model accounted for antenna or-'e- -

.3



soil parameters, and the pipe targ-et, parameters. The analysis
-credicted that: hig6 h signal losses were expected for feely

*credtret nmoeaely lossy solph redicted si2sna-
loss was hige tra-e-:td A.R concluded that the-

a~oroxim-at _'ns u-sed in heanalytical model may h-ave intrcou,_ce,,
scom.e error :nothe calculations. Actual r-SUlt ct-e

.e esting th-e GR systems or. th-e soil-.model tan', indicate
-'-a- the arnalyt ical model indeed p-roduced pessi.mistic resul-s.

We crcl u,.ded th'-at accurate measu,.rements o: tne TQPR a------
a- -n t so_4I an.-- c: tn-.e ra a r c ross sect Ions-.fvr

::retargtswould facilit-at:e tn-e improvement, ofth
an alytical model. Some of the results f rom the G3PR t.ests i
this program could be used to improve the analytical model.
However, an extensive measurement program to est.ablish an
accurat;e analytical model was beyond the scope of thi,4s program .

CAR elect ed to build a scale-model soil envrnmn
ccnta~n~ng cridpine and plat-e targets for the curoose of
te stngtn.e cand~date 0-PR systems. This was done becau,-se a
:11 llscale tez-ting area *with bturied. targets would b e d Iff Il

t:o con-struct. and maintain. The design of the scale-model sc4:1
tank is discu,.ssed in Seo-,:on 5. Some of thie important co-ncec ts
and factors influencing the design of the scale-model tank'L are
outlined below.

'Essentially, scaling allows the reduction of1 all
-'.mensions of the full-scale environment by the corresponding
scale factor. This Includes a'l target dimensions, curia-
zeoth s, and the o-Ise widths of the 0-PR transmitter sig-nals.
Therefore, the dimensions of tne test facility and t C 0PR
an' enas were reduced by the scale factor. The electromag;netic'_
loss c-,aracteristic of the dielectric material used in the

model t:ank was scaled sihrthan tfte loss characteristic of
so:' in the full -- scal'e enviircnment. This 'was done to maintain
7ne sa:me tot-al so--! loss over t:ne scale-model targ-et -ra

'-h tat would occur wit-te actu a target cur~al de2oth-
t-e ful-scale environment.

0-intially consid ered! oonstructon of a soil scale-
model t anK sn a :iquiioecrc A liquid dieLectric
o ffered several ad'antages ovrasoil d.:e'_ect:ric. The

d~eletrirrcoerti'es of thne lArdcould bce accurat ely
targets4 tci e easily :_nserted or r emovec f=



the liquid, and the electromagnetic effects of the tank

boundaries could be removed from the CPR test data. Descite

these advantages, a liquid soil-model tank woud have been

costly to build and maintain. Also, there was a significant

technical risk that the liquid dielectric properties could no-
_e maintained with satisfactory homogeneity in a large volume

tank, such as the one that would have been required for the C?-

tests.

T-he ccst and pgistica,-_roblems associated wit -

::nstru2ctng and malntaining a >.quid scale-model
omoted CAR to use homogeneous soils as scale-mode.

materals instea.. CAR located commercial sources 0: two cIssy
clay soils and used these soils as the scale-model dielec-r-cs.

These clays exhibited high enough attenuation factors to a- °

them to be used as scaled dielectrics.

CAR filled the soil-model tank with one of the clays ano

turled various olastic pipes, metal pipes, and metal d aes _n

-te clay at different depths. After measurements were mace
.wi h the first clay soil, the tank was emptied and re-f ied

-with the other clay. The same targets were buried in the same

locations as they were with the original clay, and measuremenn'-
-were then made with the new soil. Using two different

materials in the test tank allowed the prediction of GPR

performance in two full-scale environments. This approach als
facilitates the extrapolation of the results obtained to other,

similar soil types.

Antennas -were specially designed to be used for the tes.s

f he candidate CPR systems. Accurate comparisons between

C?R systems were possible only if the same antennas were used

for each of them. GAR designed and built a pair of TEM horn

antennas and a pair of shielded triangular-sheet dipole

antennas to be used with the radars. The performance cf each

oair of antennas -was evaluated and the best pair 'was usec f:r

-ne 'PR comoarison tests. Section 3.3.3 establishes the des-m-
requirements of CR antennas and Section 6.4 describes the wc

types of antennas constructed by CAR for the tests.

The TEM antennas had more desirable pulse performance

characteris,:cs tnan the dipole antennas. Therefore,

:ons~cera:'e care was taken in their fabricaton. -n addi_ i_,
t ne TEM horns were desig-ned and buIl t very careful17 in on

5



attempt to minimize the effects of clutter signals on the
received target signals. However, we discovered during the
tests of the two types of antennas that the dipole antennas
provided noticeably better signal-to-clutter performance than
the TEM horns. Since the signal-to-clutter ratio was the
dcminant limitation in target detectability, the triangular-

sheet dipoles were used for the subsequent GPR comparison
tests.

The four candidate GPR sources were tested with the two
clay model environments. The triangular-sheet d'-.ole antennas
-were used with all of the systems except the GSS: radar. :he
antennas could not be used with the GSS7 radar because it had a
single integrated receiver, transmitter, and antenna assembly.
Target signal return amplitudes were measured from the pipe
targets and the performances of the radars were compared. The
measurement results are presented in Section 8.

Section 3 also presents the results of measurements using
a full-scale version of the scale-model GPR system that gave
the best performance in the scale-model tests. The system -was
tested on an outdoor pipe test field containing buried plastic
and metal pipes. Qualitative data from the full-scale
measurements demonstrated the general performance
characteristics of that GPR system.

A recommendation for a high-performance GPR based on an
evaluation of the measurement results is given in Section.9.
After reviewing the results, GAR felt that a single, fixed RF
bandwidth GPR is not flexible enough to meet all of the
requirements of resolution and deep penetration. Severa R7.
zandwidths are required. The frequency-domain systems provide
more performance flexibility than the time-domain pulsed GPR
systems at the expense of higher cost and complexity. f the
recelver dynamic range and system-generated-clutter performance

e uscd as evaluation criteria, a pulsed, time-doma n GPR
2annot typically match the capabilities of a frequency-domaln
]PR that utilizes a synthesized signal source. Reducing
cutter and maximizing dynamic range are critical In order to
z~ingu~sh des:red target signals from clutter returns.



SECTION 3

DESCRIPTION OF THE GROUND PENETRATION PROBLEM

Ground-penetrating radars are designed to operate in a
considerably different environment than more conventional

radars. The GPR must operate with a medium that is
electrcmagnetica!Iy inhomogeneous and lossy. Furthermore,
elec-'magne.ic properties of th soil containing the targets
are usually ,:n.%nown or are known only near :he surface. T*ese

pr operti es may vary on a daily basis with varying moisture

content.

An ideal ground-penetrating radar system should be able -

detect targets buried at any desired depth, and resolve
multiple targets if they are closely spaced. However, :he

relative dielectric constant and attenuation properties of
soil generate severe limitations on one's ability to construc7
a GPR system that provides such ideal performance. The GPR
design goals usually represent a compromise between such
desired ideal performance and the best performance achievable
under given conditions. For example, a high resolution GR
typically is not capable of great depth penetration. In

addition, most GPR systems have maximum range capabilities o:
few meters or less. Although the radar designer is typically
not able to achieve ideal performance, he can in practice

approach optimum performance, that is, the best performance

obtainable with available technology under existing conditions.

3.1 SOIL DIELECTRIC PROPERTIES

The dielectric-properties of the soil affect the
performance of a GPR more than any other factor. These sciT.
properties vary with geographical location, as well as with
depth from the surface. The attenuation, conductivity,
relative dielectric constant, loss tangent, and permeability

are interrelated factors that determine the way electromagne-:
energy propagates through the soil. The effects that these
soil characteristics have on the performance requirements of
?PR are explained telow.

7



3.1.1 ELECTROMAGNETIC PROPAGATION IN SOIL

Th_ propagation characteristics of an electromagnetic wave

in any medium are determined largely by the propagation

constant of the medium. The propagation constant includes the

effects of attenuation, conductivity, and the relative

dielectric constant. The following description of

electromagnetic wave propagation in soil illustrates the

effects of these factors.

7o simplify the description of electromagnetic wave

propagation in soil- , or any other medium, it is helpful to make

several assumptions. Let us assume that the soil mediim is

infinite in spatial extent, linear, homogeneous, isotropic, and

electromagnetically source-free. Assume also that the

electromagnetic field energy propagating in the ground has a

transverse electromagnetic field structure (the TEM mode), has

a sinusoidal variation with time, and operates as a plane wave.

Under these assumptions, Maxwell's equations may be

expressed as:

V2 E - f2 E = 0 (3.1)

72 H - f 2 H = 0 (3.2)

7. H 0 (3.3)

E = 03 )

= (jW' (a + jW E))V 2  (3.5)

Here, E and H are vector, sinusoidal representations of the

electric and magnetic field components of the electromagne::z
wave. The scalar quantity y is the complex propagation

constant, determined by characteristics of the medium. t is

described in detail later. The term A is the permeability of

the medium, a is the conductivity, and E is the dielectric

constant.

8



Assume that a rectangular coordinate system is establishe•

having x, y, and z axes, with the positive z direction being

the direction of propagation of the electromagnetic wave into

the ground. This assumption yields solutions of Maxwell's

equations of the form:

E E' e- (3.6

r-. = E e (3.7

H = H'e "' z  (3.9

H., =He 2  (3.c

Where E×, E7 , H. , and H7 are scalar components of the vectors E
and H in the x and y directions. The + sign on the E and H

field components indicates that the wave is traveling in the

positive z direction. Solutions also exist for waves travelin W

in the negative z direction, but they are neglected here for
simplicity. Equations (3.6) through (3.9) describe the form c-
the electromagnetic plane-wave components in the soil with zhe

parameters established above.

The complex variable f in the exponent of Equations (3.6
through (3.9) is of great interest in predicting the

performance of a GPR. This term is defined in Equation (3.5)
and contains all of the electromagnetic parameters of the

medium through whic.,k the wave propagates. in Equation (3.5),
-2f, -where f is the frequency of the propagating sinuso'dal

e7ectromagne-ic energy. Also, j = (-I )2 and denotes an
imaginary number.

Often, -, is expressed in terms of its real and imaginary

parts as in Equation (3.10) below:

= a+ j3 (3.IC

9



Solving Equation (3.5) for its real and imaginary parts
produces two roots; however, only the solution yielding a

positive imaginary part is valid for real media. The quantity

a is the attenuation factor and ,3 is the phase propagation

factor.

Once the quantities A , a, and E are determined for a
given medium, the attenuation and phase factors in Equ-,t~on
(3.13) are known. Solving for a and 3 yields:

a = ~ f+- / f + )2 - 1 (3.11)

3 T ,/1 + (/ + 1 (3.12)

Often the electromagnetic soil attenuation characteristic is
expressed in dB/meter. This method of expressing the soil
attenuation addresses power loss and is computed as follows:

Attenuation (dB/meter) = 20 log,, e (3.13)

Other quantities used to characterize dielectric media and
soil are derived from -r, A, a, and E. These quantities are
the relative dielectric constant, the relative permeabilit7,
the loss tangent, and the intrinsic impedance. The definitions
of these quantities are given below:

Relative Dielectric Const. er = / (3.14)

Relative Permeability _ (3.15)

Loss Tangent J = a/ e E (3.16)

Intrinsic Impedance ,7 = (jw /(a + jw ))6 " (3.17)
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Here, fo and p0 are the permittivity and permeability of free

space, respect:vely. For most soils, r=1 .

The intrinsic impedance relates the amplitudes of the E

and H field components by the equation:

I l = [EJ / IHI (3.18)

In this report, the most commonly used terms to describe soil
characteristics will be a, the attenuation in dB/m, and E.

3.1.2 DETERMINING SOIL PARAMETERS

One of the most challenging problems confronting any GPR

designer is to design the radar to operate in a soil
environment that is quite diverse. The designer must address
the most demanding environment and tailor his design to meet
those requirements. The worst soils often exhibit high
relative dielectric constants coupled with h'-h lcss

characteristics. These lossy soils impose stringent
requirements on maintaining high signal-to-clutter and signal-

to-noise ratios in the radar.

Soil characteristics vary greatly with geographical

location. Figure 3.1 is a map of the United States indicating
the different soil types that may be found in different

geographical areas'. The map is generalized and does not show
the range of soil types that occur even within the areas

indicated.

Table 3.1 is a list of common materials, including soils,
with their approximate relative dielectric constants. The

relative dielectric constants range from 1 for air to 81 for
water. The relative dielectric constant determines the speed

of electromagnetic energy in that medium. That speed is
inversely proportional to the square root of the dielectric

constant for the medium. This relationship is given by:

Speed in medium = c / V' 7 = I/ , (3.19)

Where c is the speed of light in a vacuum.
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TABLE 3-1. TYPICAL RELATIVE DIELECTRIC CONSTANTS FOR SELECTED
MATERIALS.

Material Er

Air 1
Pure Water 81
Seawater 81
Fr eshwaer ice 4.
Seawater ice 6
Snow (firm) 1.4

Sand (dry) 5
Sand (saturated) 30
Clay (saturated) 10
Granite (dry) 5
Granite (wet) 7
Limestone (dry) 7
Limestone (wet) 8
Shale (wet) 7
Sandstone (wet) 6

Soil sandy dry 2-4

sandy wet 20-25
loamy dry 2-6
loamy wet 15-20
clay dry 2-6
clay wet 10-20

Permafrost 6-13
Strong concrete - dry 5-9

soaked 20 hr-s 10-15
Cracked concrete - dry 4-5

soaked 20 hrs 13-20
Asphalt 12-16
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For example, assume that an electromagnetic wave is

propagating through a soil with a relative dielectric constant

of 16. Since the speed of light in a vacuum is approximately

3x 8 meters/second, the speed of the wave in the soil is

3x1038/ ( 1 6) , or 7.5x10 7 meters/second.

Since the speed of electromagnetic energy in a medium is

inversely proportional to the square root of the relative

dielectric constant of that medium, the wavelength of the

energy is also inversely proportional to this quantity. This

derives from the relationship between frequency (f), wavelength

A and speed(P) of electromagnetic energy:

N = V (3.20)

The variation in speed and wavelength with respect to the

relative dielectric constant of the medium implies that range

accuracy and resolution are medium-dependent. The impact of

this observation on the operation of a GPR is discussed in the

next section.

In order to evaluate GPR performance-in a given soil, one

must know all of the important soil parameters in addition to

the dielectric constant. Unfortunately, all of these

parameters, including the dielectric constant, are frequency-

dependent. To measure the parameters accurately with respect

to frequency, a soil sample must be tacen and measured.

Typical test equipment for making soil parameter

measurements at radio frequencies (RF) includes a test cell and

a microwave network analyzer. The test cell is usually a

section of RF transmission line that is filled with the soil

sample. The propagation characteristics of the RF energy in

the test cell filled with the sample are measured with the

network analyzer. Since the propagation characteristics of th e

unfilled test cell are known, the soil parameters can be
determined by comparing the results of the measurements with

the filled and unfilled test cells.

Appendix A contains plots of the measured parameters of

various soil samples. All of the measurements were performed

by Dr. Glenn Smith of the Georgia Institute of Technology,
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School of Electrical Engineering. Dr. Smith used a Hewlett-
Packard 8408 network analyzer and a calibrated, open-circuiz

test cell.

The first group of measurements were made with a sample of

clay soil taken near the Gulf Applied Research facility in

Marietta, Georgia. The moisture content of the clay was varie_

and a set of measurement curves was generated. The curves

indicate the variations in relative dielectric constant and

attenuation with respect to moisture content.

As the clay moisture content increases, so does the

relative dielectric constant and the attenuation of the energy.

as it travels through a given depth of soil. One should note

that, in the frequency range of the measurements, the

attenuation for a given moisture content increases with

frequency. This is true for typical soils. Also, note that
the attenuation-per-meter curves are for one-way travel throu-
the soil. Thus, if a target is located one meter below the
surface, this one meter represents the one-way travel distance.

However, the radar energy actually travels two meters as it

travels from the transmitter antenna to the target and back to
the receiver antenna.

The next group of measurements was made with a sample of
sand. At low to moderate moisture contents, the sand has a is-,

relative dielectric constant and low attenuation. The

characteristics of the sand are considerably different than

those of the clay discussed above.

The last group of measurements in Appendix A was made f ...

several samples of soil taken in Japan. The locations where

the soil samples were taken are unknown. No attempt was made
to vary the moisture content of the soil samples.

Nevertheless, the v-iriation in the soil parameters on a sample--

to-sample basis is remarkable.

3.1.3 EFFECTS OF SOIL PARAMETERS ON GPR SYSTEM PERFORMANCE

The properties of the soil greatly affect the performance

of a GPR. The relative dielectric constant of the soil
determines the maximum depth resolution possible for a given 7

tandwidth. Depth resoluticn is defined as the capability of

15



distinguishing two targets that are closely spaced in range

(time). The resolution of any radar system is related to i:s

RF bandwidth, or equivalently, to its RF pulse width. As the

relative dielectric constant of the soil increases, the

resolution of a GPR with a given RF bandwidth improves.

The resolution capabilities of a GPR are easiest to

visualize if a pulse-based, time-domain system is considered.

Nonetheless, a frequency-domain GPR, such as one that uses

continuous frequency modulation, has resolution capabilities

based on its RF bandwidth as well.

Resolution for a pulse radar is usually defined as half of

the pulse length in the medium. A GPR that generates a one-

nanosecond pulse in air has a pulse length of 0.3 meter. This

gives the GPR a resolution of 0.3/2 = 0.15 meter in air. in a

soil with a dielectric constant of 16, the resolution improves

to 0.15/(16)"2 = 0.0375 meter.

Not only will the relative dielectric constant affect the
GR resolution, this constant must be known exactly in order to

measure the target depth accurately. Although the time

difference between the surface return and a subsurface target

return can be accurately measured with the GPR, a knowledge of

the speed of the RE energy is required to determine the

corresponding depth of the target. Without a knowledge of the

soil relative dielectric constant, the speed of the RF energy

in the soil is unknown.

Fortunately, in many GPR applications, precise depth

accuracy is not required. An experienced operator can often

estimate the relative dielectric constant of the soil well

enough for the purposes of most field operations. in practice,

it is usually possibl ito obtain soil samples for the purpose

of measuring the dielectric constant in regions near the

surface. The dielectric constant of the surface sample can

sometimes be used as a reasonable approximation of the

dielectric constant of deeper soil.

The soil attenuation characteristics can affect the GR

resolution and depth penetration. The attenuation curves

usually show increasing loss-per-meter with increasing

frequency. This means that soi acts like a lowcass filter for

the RF energy passing through it. Removing some of the h'gh

16



frequency energy from an RF pulse has the effect of slowing 7h
rise time of the pulse and widening it as well. The degree :7
which this occurs depends on the severity of the'attenuation

curves for a particular soil. As a CPR pulse widens on :ts
passage through lossy soil, the effective resolution of the
decreases. Thus, one finds that most GPR systems designed for
deeper penetration (and corresponding poorer resolution) use
wider pulses than those designed for shallow penetration and

higher resolution.

The denth penetration capability of a given GPR is
trimarily dependent on the attenuation characteristics of the

soil. As RF energy passes through -e soil, it encounters
targets that reflect a portion of the e~iergy. The energy is
attenuated as it travels through the soil toward the target as
well as back to the surface from the target. The amount of

attenuation due to the soil parameters is based on the
attenuation curves for that particular soil. Unfortunately,
the attenuation is not linear with depth and it is usually

measured in decibels-per-meter (dB/m).

-or example, assume that an RF pulse passes through soil
with a 20 dB/m attenuation characteristic and that this

attenuation is uniform with respect to frequency. Thus, ener---
traveling through one meter of soil is attenuated 20 dB. This
means that the pulse power level after one meter is 0.01 times
the power level as the pulse enters the soil. If the pulse

travels two meters, it is attenuated 40 dB and the
corresponding power level at that point is 0.000I times the
original power level.

3.2 THE TARGET IDENTIFICATION PROBLEM

The main purpose of a GPR is to detect subsurface

.:ects, or targets. These targets can be utility pies.
;nne s, cavitizes, buried cables, etc. Signal returns from

3?R are typically processed and displayed to identify th
ret.rns from desired targets. However, the signals rece -ve-  -
.he GPR do not necessarily represent returns from desired

targets.
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The RF energy transmitted from the antenna system can

encounter many interfaces and objects. When the propagating R

energy impinges on an interface or object, a portion of the

energy is reflected back toward the source. The rest of t'e

energy either scatters in other directions or passes through

the object or interface. The amount of energy reflected back

toward the source is determined by the size and shape of the

as well as by the difference between the relative

:ieleczric constants of the materials at the interface.

:Rflc-o'ns f'rom undesired tIarget s are often ret_ erred t-o
as ciu te-. owever clutter is not restricted to undesired

target returns. Clutter also refers to any undesired signals

ta- appear in the receiver that are coherent with the

transmitted signal. This can include connector reflections in

the R- circuitry, multiple bounces in the antenna, and noise

coupling from the transmitter to the receiver over the power

sU;p y nes.

Clutter has the tendency to mask, or interfere with, the

returns f-om desired targets. With most broadband CPR systems,
the internally generated or "system" clutter (not related to

false targets) limits the detectability of a desired target.
One refers to such a system as being "clutter-limited," as

opposed to a "noise-limited" system, in which target

detectability is limited by the thermal noise level.

:f the target signal level falls below the clutter -eve!,

- cecomes more difficult, if not impossible to reliably
detect tre target. Fortunately. certain signal processing

tech..niques can reduce the effects of the clutter. Such
techniques for GPR systems can be quite diverse. Most of them

are developed from techniques used with conventional radar
systems. Examples of these techniques are clutter subtraction.

time-domain synthetic'aerture processing , various types of
igital filt-er process, .ng, and probabilisLic target

z~scr:mlnaton - 
.:hese techniques vary in implementation.

tosmplexity, and speed. The selection of the specific technicue
to use in a given case is dependent upon the application of

interest

:n brief, the task of identif:ing a desired target becomes

one of distIng'Isn4ing its signal return from the returns of
undesired -argets, system clutter, and system noise.
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Furthermore, the need to satisfy this requirement is

independent of the type of RF modulation used by the GPR. :n
essence, this is a key performance criterion of any GPR system.

3.3 DESIGNLNG THE GPR SYSTEM

This section presents some of the design considerations

that influence the development of a GPR system. The design

goals are usually based on the required penetration depth,

target resolution, RF power radiation limits, the GPR s~rszeT.

size, and the system cost. These requirements must always te
referenced to some specific soil parameters. This section

focuses on the relationship between GPR resolution and
bandwidth, as well as on RF power requirements, general antenn:_
design considerations, and the elimination of system-generated

clutter.

3.3.1 GPR BANDWIDTH AND RESOLUTION

The penetration depth and resolution specifications
determine the RF bandwidth required for a GPR. The bandwidth
may be developed using a direct time-domain pulse; or by using

a frequency-domain system, such as FM-CW or stepped-FM. The
frequency-domain systems provide the most flexibility in
tailoring the aF bandwidth, since generating optimum time-
domain pulses directly is difficult. With frequency-domain
systems, the frequency components can be individually phase- -

amplitude-modulated to achieve beneficial system
characteristics. This is not as easy to accomplish with pulse
radars.

Due to the soil'attenuation characteristics, good depth
penetration requires the use of low-frequency RF energy. :n
contrast, high resolution requires high-frequency energy.
Figure 3.2 plots two rectangular pulses. The rectangular

pulses each have normalized amplitudes of one volt. Figure
3.3a is the frequency spectrum of the two-nanosecond pulse fro-

Figure 3.2a and Figure 3.3b is the spectrum of the higher-
resolution one-nanosecond pulse. Note that the bandwidths of

the pulses are inversely proportional to their pulse widths.
The rectangular pulse shapes were selected purely as an examp!
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Figure 3.2: Plot of (a) 2ns rectangular pulse and (b) ins
rectangular pulse.
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and do not necessarily represent optimum pulse shapes for a GPR
design.

Since the soil acts as a lowpass filter to electromagnetic
energy, a compromise will exist in the GPR design between
resolution and depth penetration. in fact, with increasing
depth penetration, a GPR with a given RF bandwidth will have
better resolution at shallow depths than it will at deeper
depths. For this reason, many GPR systems utilize different RF
bandwidths and antennas depending on their application.

3.3.2 GPR TRANSMITTER POWER CONSIDERATIONS

Once the GPR RF frequency range has been selected, the
transmitter power requirement must be identified. The power
requirement is a function of the desired depth penetration, the
soil attenuation, the target radar cross section, the
efficiency of the antennas, the receiver noise level, and the
applicable regulations regarding RF energy emissions. The GP:
designer must estimate the expected signal level from a buried
target given a reference power level. If the estimate
indicates that the signal level will fall below the minimum
detectable receiver signal, then the power transmitted must be
increased. The limits on the maximum radiated power are
usually regulated by governmental agencies and are based on
safety and RF interference requirements.

Unfortunately, merely increasing the GR transmitter power
does not necessarily mean that signals from deeper subsurface
targets will be identifiable at the receiver. The system-
generated clutter usually proves to be the limiting factor.
The clutter will increase linearly with increasing transmitter
power, as will the desfred target returns. Therefore, if a
target signal is masked by an internally-generated clutter
signal when a low-power transmitter 4s used, increasing its
power w.! increase the clutter signal as well, so that the
target signal will still be masked.

The internally-generated clutter often appears in fixed
time positions within the receiver output signal range window.
Thus, this type of clutter does not always interfere with the
target return signal. f the receiver window is positioned
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optimally in time, or the internal clutter is moved away from
the receiver time window, then the GPR will usually benefit

from increased transmitter power. The optimal positioning of

the internal clutter is not always possible, however.

The reader should note that soils have one-way power

attenuation characteristics that are on the order of tens of
decibels per meter. To increase the transmitter output power
10 dB, the output signal voltage must increase by a factor of
3.16. To increase it by 20 dB, the output voltage must be 13

times higher. Large increases in transmitter power can 7=ce

heavy demands on the transmitter design, especially for short-

pulse systems. This is because higher-power transmitters

usually require electronic components that can withstand larger
powe.- supply voltages and currents. Such components typ -riall1_ _ _

cannot produce pulses as narrow as the ones produced by lower-

power devices.

3.3.3 GPR ANTENNA CHARACTERISTICS

One of the key elements in a GPR design is the selecticn

of a proper antenna. A GPR can use a single antenna for both
transmitting and receiving (monostatic configuration), or one

antenna for transmitting and a separate antenna for receiving
(bistatic configuration). In any case, the antenna(s) used
must provide a good RF match to the transmitter and receiver

and should be as efficient as possible. In addition, the
antenna size and radiation pattern may be important
considerations for particular GR applications.

Typical GPR applications require relatively broadband RF
systems. The antenna must have the capability of radiating as
much of the transmitter output energy as possible. Thus, the
RF bandwidth of the GPR must match the radiation bandwidth of
the antenna. Or, equivalently, the antenna must be designed -c
match the RF bandwidth of the transmitter.

Broadband antennas act much like highpass or bandpass
filters. They cannot radiate energy below their low-frequency

cutoff. Therefore, if the RF frequency band of the GPR is such
that it extends below the low-frequency cutoff of the antenna,
that portion of the energy below the cutoff will not be
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radiated. A similar situation exists at the antenna upper
cutoff frequency.

One desires that the transmitting antenna absorb the
energy that it cannot radiate. Otherwise, the antenna will
present a high reflection coefficient for the frequencies
outside its efficient-radiation band. Any reflected energy
from the antenna input will propagate back toward the source.
This can be disastrous, especially for a monostatic system,
because the reflected energy will contribute to the internal
system clutter and can mask weak targets if it should appear in
the receiver window.

An additional requirement for the antenna is that it be
n-di sp ersive. This implies that the group delay for the

frequencies in the antenna passband is constant. If a pulse
system uses an antenna with a constant group delay and a
bandwidth that is wide enough for the RF frequency range, the
radiated and received pulses will not ring or stretch
appreciably. This will maintain a minimum pulse resolution
cell. These benefits are also desirable for CW systems.

However, one can measure the antenna characteristics on a
discrete-frequency basis and correct for certain antenna
distortions, whether in amplitude or phase. Unfortunately,
these corrections are not always easily performed. The best
approach to minimizing antenna-related distortion problems is
with careful antenna design, thereby eliminating as much
waveform pre-processing or post-processing as possible.

The antenna propagation and radiation characteristics are
related to the length and shape of the antenna. For a given
antenna with a known radiation bandwidth, doubling its length
will reduce the low-frequency cutoff by a factor of two, Thus,
antennas for GPR systems that are designed f-r deep penetrahon
are usually larger than those used with high-resolution GPR
systems. This is because soils typically attenuate high RF
frequencies more than low RF frequencies. Therefore, deep-
penetrating GPR systems have transmitter bandwidths
concentrated at lower frequencies. Such concentration at lower
frequencies creates larger pulse widths in time-dcmain systems.
In contrast, the high-resolution GPR systems require a
relatively large RF bandwidths, which is equivalent to a narr--w
pulse.
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The antenna size also affects its radiation pattern. Many
antennas have radiation patterns that can be approximated as
though originating from apertures. Larger antennas approximate
larger apertures. For a given frequency of electromagnetic
energy being radiated, the radiation pattern from a small
aperture will be broader than that from a large aperture.
Also, for a given aperture size, the radiation pattern will be
broad for low frequencies and narrow for high frequencies.
This implies that the antenna radiation pattern will not be
constant over the typical bandwidths of GPR systems. This
phenomenon will affect system resolution at target angles off-
boresight from the antenna.

3.3.4 REDUCING INTERNAL CLUTTER IN A GPR SYSTEM

Internal clutter in a GPR system is minimized by careful
design and construction practices. A critical factor affectin-
the clutter levels is the design of the transmitter and
receiver transmission systems. All RF components should be
matched as well as possible to the transmission lines (usually
50 ohm coaxial cables) to eliminate reflection points. This
includes antennas, transmitters, samplers, RF amplifiers,
mixers, etc. Any reflections should be absorbed or moved in
time with RF delay lines to keep them out of the receiver range
window. Any discontinuities in the transmission lines, such as
connectors, will contribute to the reflections.

Clutter may also enter the transmitter and receiver
systems through the power supply lines for the system
components. For example, a transmitter pulser can place high-
frequency noise on its power supplies and ground plane. :f
this power supply noise is not filtered or removed by other
techniques, it can enter the receiver section through the
supply lines. This type of noise can easily add significant
cltter to the receiver output.
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SECTION 4

MODELING THE PIPE DETECTION PROBLEM

The initial approach to determining the optimum GPR signal
source required detailed investigation of the problem of
subsurface pipe detection. GAR performed an approximate
analysis to estimate the maximum depth capability of a GPR in a
known environment. The analytical model selected was flexible
enough to include effects of soil attenuation, antenna
parameters, surface reflection loss, wave diffraction at the
surface with variable antenna height, and the target radar
cross section. The model did not include the effects of
clutter, whether generated internally or externally. GAR
adjusted the model to simplify the computations. The
dominating factors controlling the signal propagation and
attenuation were retained in the analysis. These factors
included the antenna gain-bandwidth product, the soil
attenuation characteristics, the transmission coefficient at
the air/soil interface, and the radar cross section of the
pipe.

4.1 SUBSURFACE TARGET DETECTION MODEL

The model selected was developed by the National Bureau of
Standards (NBS) as part of a research project for the U.S.
Department of the Interior, Bureau of Mines, . This section
describes that model and the approximations used by GAR to
simplify the pipe target analysis. The basis for the model is
the radar range equation. The model estimates the received
signal power as a function of GPR system parameters, soil
parameters, and target parameters. The model accounts for only
;ne RF frequency at a time; thus, the model should be evaluated

ra of the discrete frequencies in the RF frequency band cf
"nterest. The radar equation is given below:

PG. A ,' G 2 -4aR

S I [ CJ D e (4.1)
4,r R2  4,'rR 2  4,r
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where

S = received signal power,

P = transmitter output power,

G I, G2  gains of the transmit and receive antennas,
respectively

target radar cross section,

A wavelength of electromagnetic energy in air,

athe attenuation factor of the complex propagation

constant,

two-way power transmission at the air/soil
interface, accounting for dielectric differences,

D = dispersion effect due to the medium resulting in
pulse stretch and subsequent amplitude reduction,

R range from the radar antenna to the target,

R = the part of the range in the soil only,

Cd factor accounting for the two-way refraction a-
the air/soil interface.

In Equation (4.1), the left-most fraction is the power
density at the target, and the second is the reflected power
density at the receiver, based on the target radar cross
section. These power densities assume a free space
environment. The right-most fraction is the effective apertre
of the receiving antenna. The remaining terms account for the
losses associated with the soil and the air/soil interface.

Several simplifying assumptions were made for the GAR
analysis using the model in Equation (4.1). First, the antenna
and its phase center were assumed to be on the surface so that
R, = R. Second, the factors C, and D were neglected. Third, a
monostatic GPR configuration was assumed, so G. = G. Four-h,
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the soil was assumed to be homogeneous. The first two

simplifications were instituted because detailed information

concerning the antenna radiation pattern for each of the
frequencies of interest was required if the factors Cd and D,
as well as the antenna phase center were included in the

analysis. This information was not available and it was felt

that these parameters did not have the significant impact on
the analysis that the remaining parameters had.

The radar cross section of a target is defined as the

ratio of the power density of the scattered wave at the
receiver to the power density of the incident wave at the

target, multiplied by 4TR2 , where R is the distance from the
source to the target. For this analysis, a pipe target was
assumed to be an infinitely long cylinder and the incident

electromagnetic field was assumed to be polarized parallel to
the pipe axis. The NBS radar cross section model of an
infinite cylinder assumed that the distance from the source to

the cylinder was very large with respect to the wavelength cf
the electromagnetic energy, so that there was plane-wave

incidence at the cylinder.

Equation (4.2) gives the radar cross section for the

cylinder at plane wave incidence:

: 8R IP1 2 / k (4.2)

where, P is given by:

[O cos n6P = - F (-I)" el J, (ka) (4.3)
n=O L H(' 2) (ka)

Here, e =1 for n=9 and e.=2 otherwise, J, are Bessel functions,
-' are Hankel functions, c=( e e , and a is the cylinder

radius.

For regions where ka < 0.05, the solution for Equation

(4.3) may be approximated by a Rayleigh function. For regions
where ka > 6, Equation (4.3) may be approximated by a gecmer_z

optics solution. For the intermediate region of ka, the exact
solution for Equation (4.3) is used for maximum accuracy.
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The value of ka for most GPR applications falls into the

intermediate region. However, to simplify the analysis

considerably, at the risk of some tolerable inaccuracy, the *AP

approach utilizes the geometric optics approximation for the

radar cross section of the pipe using a monostatic radar. This

radar cross section is given by:

c Rwa (4.4)

4.2 EXAMPLE CALCULATION USING THE NBS MODEL

The following example will illustrate the use of the MNS

model for predicting the radar return from a buried pipe. rhe

simplifying assumptions outlined in Section 4.1 will apply for

this example. Although the accuracy of the model is
ccmpromised by the assumptions, the reader should keep in mind
that the object of the assumptions was to allow a quick
assessment of potential GPR performance in a given environmen7.
Note that the radar range equation model that is used assumes a
homogeneous soil and neglects the effects of clutter. Also,
the assumptions are made that the GR antenna system is
monostatic and the antenna (and its phase center) is in cont.ac
with the ground surface.

The key element in the radar range equation model is the
specification of the antenna parameters. GAR selected a TE4
horn antenna for this application. This particular antenna 's
used by GAR for its RODAR7" ground-penetrating radar system.
The antenna was originally developed by R. Wohlers at Calspan,
and its radiation characteristics in air are well documented6.

The antenna has many of the desirable properties that a pulse
GPR system requires.. :t has a low voltage standing wave ratio
(7SWR); - is extremely broadband: it has good group delay
zr-oer-ies; and it has low .ulse stretc.

The antenna gain, in air, was measured for one of te
Calspan TEM antennas and is given approximately by6:

G = 4-r (L2/A-) sin 80  , (4.5)

where L is the antenna length, 90 is equal to the angle bet'-eer
the two antenna plates divided by two, and A is the waveleng.--n
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of the RF energy. The antenna under consideration had a

length, L, of one meter and an angle between the plates of 11.6

degrees. The effective aperture of the antenna was measured in

airs and a plot of the measured effective aperture vs.
frequency is shown in Figure 4.1.

The performance of the antenna in contact with the soil is

different than its performance in air. Specifically, its gain
and effective aperture increase somewhat when the antenna

contacts the ground due to the larger dielectric constant of
the soil. Also, the soil interface is in the near-field region

of the antenna. Thus, it is difficult to evaluate the
transmitted power density at the soil interface. For this

reason, the parameters of the antenna measured in air, rather

than those measured in the ground-contacting mode, are used in

the radar range equation model.

The soil parameters selected for this example were

obtained from a red clay soil found near the GAR facility in
Marietta, Georgia. It was assumed that the clay had a moisture

content of 20 percent by dry weight. The soil data are

presented in Appendix A.

The RF frequency range for the example was chosen to be
from 100 megahertz (MHz) to 300 MHz. This bandwidth is
equivalent to about a five-nanosecond pulse width in the time-

domain. The radar range equation was evaluated at 100 MHz, 200

MHz, and 300 MHz.

The subsurface target was selected to be a 12-inch

diameter metal pipe buried at a depth of three meters (measured
from the surface to the top of the pipe). The pipe was

considered to be infinitely long. Its radar cross section was
assumed to be describec by the NBS model for a cylinder in the

geomet ric optics region.

quation (4.6) below is the modified IBS radar range
equation that was used for the GAR evaluation. The equation

expresses the ratio of received power to transmitted power as a
function of the soil parameters, antenna parameters, and target

para.meters.

S/P G. A, I e , (4.6)
4 rR 2  4,R 2

30



C))

.. .. .. .. . .. .. .. .. . .. .. . .. . .. . .. . . . . . . . . . . . . .

.. .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ..

... ... .. ... .. .... .. .. ... .. .. ... .. ... .. ... ..

.. . .. ...... ... . ... . .. a. . -..- ...... .... ... .

.. . . .. ... ... .... .. ....... . ....

... .. .....

.. .. .. .... .. . 0 = ...... ........ ......

.. .. .. .. .. .. .-.. .. . .* -.. . . . . . . . .j.. . . . . . .

* a

L.1.

.... .... -.. . . .. . . . . .. .. . . . . . . .. . . . . . . . . .

.... ... .... ... ... . .. ... ... .... ... ... .... ... ..-

................... 0.... .................

... .. .. .. .. .. ... .. .. .. . .. . . .. .. .. .. ..

.. . . . . . . . . .. . . . .. . . . . .0 0.. . .. . . . .. . .. .-.. . .

. . .. . . . . . . . . . . . . . . . .. . .. . . . . . . . .. . . . . . . .

............p .... .8a d . i ...............

.......... .... ........ ..................3 1. .



where, Ae = (AO 2 G)/4r is the effective receiving aperture of

the antenna, and the factors Cd and D in Equation (4.1) have

been neglected.

Table 4.1 summarizes the soil, antenna, and pipe

parameters used in Equation (4.6) for the frequencies of 100
MHz, 200 MHz, and 300 MHz. The results obtained from Equation

(4.6) for the S/P ratios reflect tremendous signal attenuation,

extending from -142 dB at 100 MHz to -162 dB at 300 MHz.

We feel, however, that these calculations are somewhat

pessimistic because the performance of the antenna near the

soil interface is unknown, but is likely better than that

assumed 'n the calculations. Thus, a more exact analytical
approximation of the received target signal power would

probably yield a more optimistic answer for the received power

level. However, the results obtained based on our

approximations lend insight into the performance requirements

that must be imposed on a successful GPR system.
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TABLE 4.1. RESULTS OF NJMERICAL ESTIMATION OF PIPE TARGET
DETECTION FOR FREQUENCIES OF 100 HiZ,
200 MHZ, AND 300 MHZ.

FREQUENCY (MHz)

Par ame-.er 00 4-0 29970

a (m 2 ) 1 .44 1.44

A. (M 2 ) 0.01 0.01 0.01

G 0.014 0.058 0.13Z

a (Nepers) 1.15 1.50 1.73

l 0.426 0.458 0.458

w (radians/s) 6. 2 8x10 a 1.26x109  1.88x1 :

S/P 6.82x1 0- 5  4.55x10-'6  6. 46x1, 0

S/P (dB) -142 -153 -162
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SECTION 5

DESIGN OF THE SCALE-MODEL TEST TANK

A soil test tank was required to test the various CPR
signal source types. The test tank was designed to contain
various pipe targets, metal plate targets, and electromagnetic
field probes in order to test candidate GPR systems. The CPR
system requirements provided by NCEL included the specificat.icn
.o detect and resolve plastic and metal pipes buried at depths
of up to 20 feet. Care was taken to ensure that the dielectric
medium in the test tank was homogeneous to obtain repeatable
measurements and reduce the effects of random external clutter.

GAR decided to evaluate the GPR sources using a higher-
frequency scale model than the operating frequency of a full-

scale GR. Such a scale model is much easier to use while
making laboratory measurements than is a full-scale system
because of its reduced size. However, the scale model provides
measurement results that apply directly to the full-scale
system.

5.1 DESCRIPTION OF THE GPR SCALE-MODEL CHARACTERISTICS

To create a high-frequency scale model for a GPR, the
radar environment, as well as the radar system parameters, mus:
be adjusted. All spatial di'mensions are reduced by the scaling
factor, resulting in a much smaller testing environment and a
radar system that is more manageable. The target dimensions
and burial depths are also reduced by the scale factor.

Several types of scale models are outlined in Antennas in
Matter by King and Smith". The one selected by GAR permits the
use of the same relative dielectric constants in the model tha:
are found in the full-scale environment. This means that a~r
can be used as a dielectric in the model. Otherwise, if the
dielectric constants were scaled, air could not be used in the
model environment, since its dielectric constant would have to
be scaled. The dielectric parameter that is scaled in the GAR
model is the soil conductivity, and hence, its attenuation.
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For example, assume that a full-scale GPR system is to be
modeled using a scale factor of 5. Let the RF bandwidth of the

full-scale CPR extend from 100 MHz to 300 MHz. Furthermore,
assume that the full-scale soil parameters include a relative

dielectric constant of 16 and an attenuation characteristic cf

10 dB/m. The scale-model RF bandwidth would then extend from

500 MHz to 1500 MHz. The model-soil dielectric constant would
remain at 16, but its attenuation characteristic would increase

to 50 dB per meter.

CAR chose the scale-model soil tank dimensions to be six
fee wi d by eight feet long by four fee: nigh. Ths

corresponds to full scale dimensions of 30 feet by 40 fee: zy
20 feet. The targets were appropriately placed in the model
soil to avoid boundary effects. They were also placed in such
a manner as to avoid any interference with each other.

The scale factor selected for the model was five. This

scale factor allowed GAR to use its one-nanosecond monocycle
short-pulse radar to model a full-scale GPR system with a five-
nanosecond pulse. A five-nanosecond pulse is of the duration

that might be used for a GPR system designed for deep
penetration and medium resolution.

GAR investigated two approaches to building a scale-model
environment. One approach used a soil that had the required

parameters of the model dielectric. The second approach used a
liquid dielectric. The liquid dielectric used an emulsion of
oil, water, and salt to achieve the required properties of the
model dielectric. Dr. Glenn Smith of the Georgia Institute of

Technology has previously investigated and used such liquid

dielectrics as soil models.

52 THE LIQUD-DILECTRIC SOIL MODEL

The liauid-dielectric model had three key advantages over
a soil dielectric. First, the liquid tank has the potential c:
being more homogeneous than a soil dielectric. Second, the
targets and their positions can be easily changed. Third, the

effects of the liquid tank boundaries can be easily eliminated
in any target measurements after a "baseline" measurement is

made of a target-free tank. :n general, eliminating the
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boundary effects in a soil dielec -_ tank is not possible
because the removal and insertion of the targets would disturb
the soil, which could never be replaced in exactly the same
configuration. Furthermore, a controlled clutter environment
could easily be placed in the liquid-dielectric tank to examine

the effects of external clutter on the GPR systems.

The emulsion created for use in the liquid tank could be
made to model selected soil dielectrics. Dr. Smith uses a
high-grade, light mineral oil, water, and salt as the emulsion
ingredients. He has investig-ted many different combinations
cf emulsion ingredients and their ratios. The dielectric
properties of these emulsions were measured and used to create
sets of curves that allow the specification of a particular
emulsion mix ratio to achieve a given liquid dielectric
constant and loss characteristic.

The primary drawback in using a liquid tank with a large
vclume was the need to mix and maintain a homogeneous emulsion
of the liquid dielectric. A tank with dimensions of six feet
by eight feet by four feet holds over 1400 gallons of liquid.
To correctly mix and maintain the emulsion, a shearing gear
pump would be required that must operate at a high flow rate.
The emulsion must be circulated very quickly during mixing to
ensure a homogeneous mix. Furthermore, the emulsion must be
re-circulated and mixed prior to each measurement to ensure its
homogeneity and the accuracy of its dielectric properties.

At the time the GAR model-soil parameters were specified,
Dr. Smith had not built a liquid-dielectric tank of such large
dimensions. The cost and logistics of fabricating a large
tank, purchasing the necessary pumps, and constructing a
-working model tank appeared to be quite formidable. In
addition, there was a significant technical risk in making a
large tank work properly as a model. GAR felt that the
technical risks and the costs associated with the liquid tank
precluded -ts use in the measurement p-ngram. GAR elected to
construct a soil tank instead.
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5.3 THE SOW-DIELECTRIC MODEL

A model tank containing soil is much easier and less
costly to construct and maintain than a corresponding liquid
tank. However, any change in target placement once objects ar
buried is much more difficult with the soil tank. In addition.
the effects of any inhomogeneities and of the tank boundaries
are difficult to characterize and their effects on the target
measurement are very difficult to remove.

in order tc build the soil tank, 'AR had to locate a
source of homogeneous soil with electromagnetic properties
suitable for use as a model soil. Thus, a local brick
manufacturer was contacted =.d arrangements were made to test
the properties of the clay soils that they used for the bricks.
The brick manufacturer used two types of clays in the bricks,
which were identified as a clay shale and a clay schist.
Appendix B contains the measured characteristics of these
clays. The GPR source evaluation and measurement program
required the use of at least two soil dielectrics. This
allowed evaluation of the performances of the GPR systems with
different soil types.. Therefore, the two clays from the brick
manufacturer would satisfy this requirement.

The properties of the clay shale approximated those of
actual clay with 20 percent moisture as given in Appendix A.
The shale had an attenuation characteristic of 50 dB/m at 1
GHz. This attenuation scaled to 10 dB/m at 200 MHz. The
schist had an attenuation characteristic of 33 dB/m at 1 U:Hz,
which scaled to 6.6 dB/m at 200 MHz.

GAR decided to use the clay shale as the first soil in the
soil-model tank. Sixteen targets were buried in a six-foot by
eight-foot by four-foot high soil test tank. Thirteen pipes
with diameters ranging from 0.88 inch to 6.63 inches were used.
The pipe diameters increased with burial depth. Each Dipe
target was two-feet seven-inches long. For each metal ipe

there was a corresponding PVC plastic pipe of similar diameter.
The one exception was the 6.63 inch diameter metal pipe that
'was five-feet six-inches long and buried at a three-foot depth.
No plastic pipe of a comparable size was buried in the model
tank.
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Figures 5.1 and 5.2 are sketches of a top view and a side
view, respectively, of the soil-model tank. The sketches show
the locations of the pipe targets. In general, one side of the
tank was reserved for metal pipes and the other was reserved
for plastic pipes. The exception to this was the 6.63 inch
diameter pipe which extended across the entire tank. In
addition to the 13 pipes, three metal plate targets of various
sizes and burial depths were also included in the tank. Each
of these plates had a half-loop H-field probe mounted on it.

The probes had a 0.25 inch radius and used the plates as an
image plane. The probes were included as sensors to detec: anj
energy reaching them. The reader should note that energy
reaching the loop probes was only subjected to one-way
attenuation through the soil.

The targets in the soil tank were arranged to minimize

potential electromagnetic interference between each other and
the tank boundaries. The pipe diameters and burial depths were
largest at the center of the tank. The shallow, smaller pipes
were located at the tank edges.

During construction, care was taken to maintain soil
homogeneity in the tank. This was accomplished by tamping the
clay every six inches as the tank was filled. The tank was
covered with a thin sheet of polyethylene plastic to minimize
the evaporation of moisture from the model soil. If the
moisture had evaporated from the soil tank, the electromagnezic
soil properties would have been altered.

Aft er the measurements were performed with the clay shale,
the shale was removed and replaced with the clay schist.
Target and probe locations were the same as they were with the
clay-shale tank.
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SECTION 6

DESCRIPTION OF THE GPR SYSTEMS TESTED

OAR tested four GPR systems representing time-domain and

frequency-domain technologies. Two of the systems used short-

pulse, time-domain techniques; and the other two systems used

frequency-modulation techniques. The basic operations of the

two time-domain radar systems were quite similar, and the

operations of the two frequency-domain radars were also very

similar. However, the time-domain radar systems functioned

quite differently in concept from the frequency-domain radars.

One of the time-domain radar systems tested was built by

GAR for the RODAR7" highway-surveying short-pulse radar system,

and the other was a Geophysical Survey Systems, Inc. (GSS!)

short-pulse radar. Both FM systems were based on the HP a510

microwave network analyzer. The radar systems used for the

tests are described below.

Comparisons between the FM systems and the GAR short-Du7se

radar were made using antennas built by GAR specifically for

this testing program. However, due to the use of an integrate.

transmitter, receiver, and antenna assembly in the GSSI system.

this unit could not be used with the GAR-built antennas.

Therefore, it was not possible to make direct comparisons

between the GSSI radar and the others.

6.1 THE GAR SHORT-PULSE RADAR SYSTEM

The GAR short-pulse radar system used for the testing
program included a transmitter pulser, equivalent-time samplin.

receiver, antenna, oscilloscope display, and chart recorder

display. A block diagram of the GAR short-pulse radar is sho-w

in Figure 6.1 and the system specifications are given in Table

6.1.

The radar uses a 15 MHz timing reference, from which all

other timing signals are derived. These timing signals are

developed on the radar timing board. The 15 MHz reference 4s

divided down to a 5 MHz pulse repetition frequency (PRF) and
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TABLE 6.1. GAR SHORT-PULSE RADAR SYSTEM SPECIFICATIONS.

Transmitter
Pulse shape Sine monocycle
Pulse repetition frequency (PRF) 5 MHz
Pulse width 1 nanosecond
Pulse amplitude 20 v peak-to-reak
Pulse peak power 8 watts
Pulse average power 40 mw (+16 dBm)

Sampler
Type Single diode gate,

50 ohm terminated
Sample strobe width 400 picoseconds

Receiver
Type Equivalent-time

sampling
Frequency division ratio 500,000
Scan repetition frequency 50 Hz
Real-time receiver window width 36 nanoseconds
Minimum discernible signal 2 mV, terminated in

50 ohms
Dynamic range 60 dB
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50 Hz scan frequency. The timing board generates a 50 Hz scan

ramp that is used in the receiver, along with the 5 MHz PRF

signal, to generate its sweeping sampler trigger signal.

The GAR short-pulse radar uses a transmitter that

generates a one-nanosecond pulse shaped as a single cycle of a

sine wave. The transmitter operates at a PRF of 5 MHz and
produces a power output of 8 watts peak and 60 milliwatts

average. When specified in decibels referenced to a milliwatt
(d3m), the power output is 39 dBm peak and +16 dBm average.
The pulse has approximately a 20 volt amplitude into a 50 ohm

load. The transmitter output waveform and frequency spectrum

are shown in Figure 6.2.

The receiver is an equivalent-time sampling type that
generates a low-frequency replica of the received RF waveform.

An equivalent-time sampler does not sample a signal at the true
Nyquist frequency, where the Nyquist frequency is defined as
the minimum sampling frequency required to sample a waveform
without aliasing. This frequency is equal to twice the highest
frequency present in the waveform. Clearly, since the GAR

short-pulse radar generates a one-nanosecond pulse, the true

Nyquist frequency is in the GHz region.

The sampling receiver implements a 500,000:1 frequency

division ratio. The receiver output waveform occurs at a 50 Hz
scan rate, or a 20 millisecond scan period. However, the
actual sampled waveform duration is only 18 milliseconds, due
to a 2 millisecond reset time for the receiver. The real-time
window is set to 36 nanoseconds. Thus, a one-nanosecond pulse

is converted to a 500 microsecond pulse by the equivalent-time

receiver.

The equivalent-time sampling technique avoids the problems

associated with an extremely high real-time sampling frequency
by utilizing frequency division. The only requirement is that
the sampled waveform be repetitive. For a short-pulse radar,
,his is equivalent to requiring that the received radar signal

be stationary in time over a receiver scan period.

The sampler takes one sample during each period of the PRF,

delaying it slightly each time relative to the previous one.
Each successive sample modulates the charge on a sampling

storage capacitor. The GAR short-pulse waveform is sampled
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(A) MONOCYCLE TRANSMITTER OUTPUT WAVEFOR.M.
VERTICAL SCALE = 3.55 VOLTS/DIV.
HORIZONTAL SCALE =500 PS/DIV.

(B) FREQUENCY SPECTRUM OF THE ABOVE PULSE.
HORIZONTAL SCALE = 180 MHZ/DIV.

Figure 6.2: GAR short-pulse radar transmitter (a) output
waveform and (b) its frequency spectrum.
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once every period of the 5 MHz PRF for 18 milliseconds. Since,

90,000 periods of the PRF exist in the 18 millisecond sampled-

waveform window, 90,000 samples are required to replicate a 36

nanosecond real-time window. The equivalent sample spacing of

the receiver is approximately:

36 ns/%0,000 = 0.4 picosecond, (6.1)

which easily meets the Nyquist criterion.

The receiver RF sampler is a 50 ohm terminated, single-

diode-gate sampler using a Schottky sampling diode. The sample

strobe is nominally a 10 volt, 400 picosecond pulse. The

maximum input level that the sampler can handle is 4 volts

peak-to-peak. There is approximately a 6 dB conversion loss

through the sampler. The minimum discernible signal at the
sampler output is 2 millivolts. Therefore, the sampler dynamic
range is 60 dB.

6.2 THE GSSI SHORT-PULSE RADAR SYSTEM

The GSSI short-pulse radar used for the tests with the

soil-model test tank operates in a similar fashion as the GAR

short-pulse radar. However, the specifications, timing
functions, and operating modes for the GSSI radar system are

not as well known by GAR personnel as those for the GAR short-

pulse radar. During tests, the radar was operated with minimum

use of its signal processing functions in order to make

objective comparisons with the other GPR systems.

The GSSI radar uses a one-nanosecond transmitter pulse and

an equivalent-time recliver. The transmitter pulser generates

a balanced, one-nanosecond, unipolar impulse. it operates at a

system PRF of approximately 50 kHz. its peak power output is

unknown, but is comparable to the CAR monocycle transmitter

power output. its average power output, however, is less than
the CAR transmitter because it operates at a PRF that is 100

times lower.

The CSS receiver is a balanced diode-bridge sampler tha-

operates in an equivalent-time mode. It has an adjustable
real-time window and an adjustable output waveform scan rate.
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The radar was adjusted for the tests to operate with a scan

frequency of 51.2 Hz (a 19.5 millisecond period). The

equivalent-time frequency division ratio was adjusted to

50,000:1 to match the GAR system. The GSSI receiver has a

reset time of about 400 microseconds. Therefore, the real-

window is 39 nanoseconds long. Based on a 50 kHz PRF, 977

samples are used to generate the replica waveform. This

translates into a 40 picosecond equivalent-time sample spacing.

Figure 6.3 is a block diagram of the GSSI short-oulse

The radar :iming and control signals are e er aed- in :he

control unit. Trigger signals are sent to the transmitter ant

sampling receiver through a cable. The sampler output wave-fr:
is sent by cable to the control unit for further processing.

The receiver output waveform can be displayed on an

oscilloscope and a strip chart recorder.

The transmitter and sampler are housed with their

respective antennas in an integrated transducer enclosure...
radar operates in a bistatic mode using triangular-sheet bow-
.e antennas. The exact construction of the receiver,

transmitter, and antennas is not known because it is not
possible to gain access to any of the components in the

transducer.

6.3 THE FREQUENCY-DOMAL GPR SYSTEMS USING THE HP 8510 NETWORK
ANALYZER

This section gives an overview cf the Hewlett-Packard =="

network analyzer system and describes its application to the
GPR signal source testing program. An explanation of all of

tne functions and capabilities of the HP 8510 is beyond the

scone of this document. However, Appendix C contains an
excerpt from the HP 8510 manual and provides a good
i-roduc-icn and system overview. Appendix C also contains a

simplified block diagram of the network analyzer system. The
present section only addresses those functions of the HP 85"2

that are directly applicable to the CPR measurement program.

The HP 8510 -was used in two modes for the GPR

.measuremens. The f-st -was a swept-frequency mode that used
synthesized sweeper ir its linear frequency sweepi.g -me
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generate the increasing-frequency sweep of RF signal
frequencies required for the measurements. Thi m
represented a simulation of a swept FM-CW GPR system. The

second mode of operation for the HP 8510 simulated a szepped-F',
GPR by using a stepped-frequency signal source.

Section 6.3.1 below explains some of the common
capabilities of the HP 8510 that were used in both the FM-CW
and stepped-FM system tests. Section 6.3.1.3 describes the
differences between the swept and stepped operating modes of
the H? 8510 .

6.3.1 HP 8510 NETWORK ANALYZER CAPABILITIES

The Hewlett-Packard 8510 network analyzer is a precision
instrument used for making RF and microwave measurements of
two-port networks. The 8510 measurement system includes the
following four subsystems: a frequency source, a test set, a
signal detector and analog-to-digital converter, and a
microprocessor and display. The HP 8510 system configuration
used by GAR for this program included an HP 8341A synthesized
sweeper, an HP 8513A transmission test set, an HP 85102A !F
detector, and an HP 85101A display processor. This HP 8510
configuration allows measurements to be made over the frequency
range from 45 MHz to 20 GHz.

6.3.1.1 SCATTERING PARAMETER MEASUREMENTS WITH THE HP 8510

The HP 8510 is designed to make vector (signal amplitude
and phase) scattering parameter (S-parameter) measurements of a
two-port electrical network. Measurements of devices at RF an
microwave frequencies primarily use S-parameters because S-
parameters are well-suited to describing the performance cf
transmission line-based circuits and systems. The S-paramezers
are quite useful for characterizing networks at RF and
microwave frequencies because they are directly related to the
amount of power reflected at the test network ports and the
amount of power transmitted through the device. The derivation
and advanced applications of S-parameters are described in
texts treating the subject of RF and microwave applications .
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The S-parameters are often normalized to impedances of 50
ohms. This implies that the network has an input impedance and

output impedance of 50 ohms. Thus, any connecting transmission

lines and test cables should have 50 ohm characteristic
impedances as well. GPR test equipment configurations
including the HP 8510 used 50 ohm coaxial cables to connect the
antennas to the test set ports. Also, the antennas have
nominal input impedances of 50 ohms.

The two-port network measurements using S-parameters are
sub-divided into those related to transmission through the
network (forward and reverse), and those related to reflections
at the two network ports. Transmission measurements include
insertion loss or gain, transmission coefficient, electrical
delay, and group delay. Reflection measurements include return
loss, voltage standing wave ratio (VSWR), reflection
coefficient, and impedance.

The measurement quantities of primary interest in this
testing program are the reflection coefficient, S11, and the
transmission coefficient, S2 ,. If 50 ohm impedance
normalization is used, S,, is the ratio of the reflected
voltage to the incident voltage at port one of the two-port
network under test. The measurement of S, requires that port
two of the network be properly terminated while port one is
being driven by a signal source with a 50 ohm driving
impedance. S2 : is the ratio of the voltage measured at port

two of the network to the incident voltage at port one, with
port one being driven by the signal source. The 50 ohm
termination and driving impedance requirements apply to the S.
measurement as well.

If an antenna is connected to port one of the HP 8513A
test set, the parameter S1 , represents a measurement of the
energy reflected by the antenna itself and any targets that
reflect radiated energy back to the antenna. This
configuration represents both a one-port network and a
monostatic radar system.

If an antenna is also connected to port two of the test

set, the parameter S21 represents the energy received at port
two through the two-antenna network. The energy received at
port two includes reflections from targets irradiated by the
:ort one antenna. This configuration represents a two-port
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network and a bistatic radar system. The measurements

conducted with the soil-model tank -were performed with a

bistatic arrangement, measuring the S 2 1 parameter.

When S,, and S21 measurements are made with the network

analyzer, the RF frequency range of interest must be specified.

Whether in a ramp mode or a stepped mode, the network analyzer

adjusts the frequency of its signal source and makes S-

parameter measurements at a number of individual frequencies

throughout the specified bandwidth. The number of frecuenc.-es

is seLectable, with the available choices being 51, '01 , 2 1

and 4.01. The effects of choosing a particular number of

measurement frequencies are discussed later.

Once the frequency range, the number of frequency points,

and the ramp or stepped mode are selected, the network analyze.

requires calibration. Calibrating the network analyzer reduce:

measurement errors. The vector calibration identifies the

measurement reference planes at the two network ports and

corrects for any losses or phase aberrations up to the

reference planes. Thus, the calibration procedure can be used
to establish the reference planes for a S 2 1 measurement at the

ends of the antenna cables. The HP 8510 then corrects for an;

cable loss and phase effects.

The network analyzer calibration procedure requires

measurements of known terminations at the reference planes
before the test network is inserted for measurements. The

standard terminations include a shielded open circuit, a short

circuit, and a 50 ohm load (a 50 ohm sliding load termination
is required if precise, high-frequency measurements are to be
made). Once the standard terminations are measured and the
network analyzer computes its vector correction factors, all

subsequent measurements automatically apply the correction
factors to the data. The HP 8510 uses an elaborate S-paramete-

error model to compute the correction factors, the details c -

•which are beyond the scope of this document. However, the HP

8510 manual contains a complete d-soription of the vector

error-correction model.
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6.3.1.2 HP 8510 TIME-DOMAIN MEASUREMENT MODE

The HP 8510 can display the results of its measurements :n

the frequency-domain or the time-domain. However, all of its

measurements are made in the frequency-domain. The HP 8510 has

a time-domain bandpass mode of operation that synthesizes an

impulse function with a pulse width inversely proportional to

the RF bandwidth specified for the measurement. A type of

digital Fourier transform known as the Chirp-Z transform is

used to transform measurements of S.T, and S2 4 from a frequency-

dcmain representation to a time-domain representation
Appendix D contains excerpts from the HP 8510 manual explaining
the time-domain synthesis mode of operation.

6.3.1.2.1 TIME-DOMAIN PULSE SYNTHESIS WITH WEIGHTING FUNCTIONS

Once an RF bandwidth is selected for measurements, and the

time-domain synthesis mode is selected, frequency-domain
weighting functions are applied to adjust the sidelobe levels

of the synthesized impulse. Three selectable weighting
functions are provided which give maximum sidelobe levels of -

13 dB, -43 dB, and -90 dB below the pulse main lobe. These
weighting functions are identified as "minimum," "normal," and

"maximum," respectively. For a given bandwidth, the cost of

increased sidelobe suppression is an increased pulse width for
the synthesized pulse.

Figures 6.4 through 6.6 are magnitude plots of one-
nanosecond synthesized pulses generated by the network analyzer

using the three frequency-domain weighting functions, or
windows. The pulse in Figure 6.4 uses the minimum window with

a 45 MHz to 1.2 GHz bandwidth; the pulse in Figure 6.5 uses the
normal window with a 41 MHz to 2.0 GHz bandwidth; and the pulse
in Figure 6.6 uses the maximum window with a 45 MHz to 2.8 GHz

bandwidth. All of the plots use a one-nanosecond per divisicn
horizontal scale and the pulse magnitude is normalized to one

unit, with a linear vertical scale. Note that more RF
bandwidth is required to maintain a given pulse width with
suppressed sidelobes.

All network analyzer measurements performed with the soi-
model test tank used a one-nanosecond pulse having a 15 MHz zc
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2.0 GHz bandwidth, and a normal window. The one-nanosecond
pulse width was selected to permit a more accurate comparison
of the network analyzer system performance with the performance
obtained with the pulsed GPR systems. In addition, GAR felt
that the bandwidth required for the maximum window was too
great, and the bow-tie antennas used for the tests could not
support the extended bandwidth. Also, the soil attenuation
properties would cause greater attenuation of the higher
frequencies, thus widening the pulse.

6.3.1.2.2 EFFECT OF THE NUMBER OF FREQUENCY MEASUREMENT POINTS
SELECTED

As indicated earlier, the HP 8510 network analyzer
performs its measurements at a finite number of points over the
bandwidth specified by the user. The number of points is
selectable from 51, 101, 201, and 401. When the network
analyzer is operated in the time-domain bandpass mode, it
generates the same number of measurement points as specified ty
the user during the HP 8510 calibration in the frequency-
domain.

The number of measurement points and the bandwidth
selected determine the unambiguous range in the time-domain
mode. The unambiguous range is the maximum range time for
which the time-domain waveform will not repeat. This is
analogous to the reciprocal of the PRF for a time-domain purse
radar system. The unambiguous range for the network analyzer
is equal to the reciprocal of the frequency spacing. For
example, if 201 points are selected, and a frequency range of
45 MHz to 2.0 GHz is specified, the unambiguous range is (201-
1)/(2.0 GHz-45 MHz) = 102.3 nanoseconds, which corresponds to
slightly more than 25 Zeet in soil with a dielectric constant
of 16.

The selection of the number of measurement points also
determines the range measurement accuracy of the network

analyzer. For the GPR measurements, the range window was
selected to be 36 nanoseconds long and the number of
measurement points was selected to be 201. Using these
quantities as an example, the range measurement accuracy is
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given by 36 ns/(201-1) = 180 picoseconds, which corresponds to

about 0.5 inch in soil with a dielectric constant of 16.

Another important factor affected by the selection of nhe
number of measurement points is the time required to complete
measurement over toe specified bandwidth. Increasing the
number of measurement points requires an increase in the
measurement time. Therefore, doubling the number of points
from 201 to 401 will require approximately twice the time to

complete the measurement.

6.3.1.3 DIFFERENCES BETWEEN TE HP 8510 SWEPT-FREQUENCY AND
STEPPED-FREQUENCY MEASUREMENT MODES

The HP 8510 network analyzer can perform its measurements
over a specified frequency band by stepping its frequency
source in discrete frequency steps, or by sweeping its source
continuously. Stepping the source provides the highest
measurement accuracy and dynamic range. in the stepped mode,
the HP 8341A synthesizer is stepped and phase-locked to each
measurement frequency. This reduces -.me phase noise effects
and the frequency inaccuracies that appear in the swept mode.

When the swept mode is used, the synthesizer is locked to
the start frequency and swept linearly to the stop frequency.
However, the synthesizer is not locked to any other frequency
besides the start frequency. The network analyzer in effec:
assumes that the synthesizer will be at certain frequency
points at certain times during its sweep. it has no way to
determine the exact frequency of the synthesizer. Thus,
inaccuracies in determining the exact frequency of the
synthesizer will exist as it is swept across the specified
bandwidth. The primary advantage to the swept-frequency
measurement moae is its speed. in the swept mode, the netwo.:
ana!yzer produces a measurement on the order of 100 times
faster than in the stepped mode.
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6.3.2 SUMMARY OF NETWORK ANALYZER CONFIGURATIONS AND
SPECIFICATIONS FOR SOIL-MODEL TANK MEASUREMENTS

All measurements performed with the network analyzer on
the soil-model test tank used the HP 8510 time-domain bandpass
mode. The time-domain range window for the shale clay
measurements was set to 36 nanoseconds in duration. It was
changed to 40 nanoseconds for the clay-schist measurements
because the sChist had a higher relative dielectric constant
than the shale. The frequency range of 45 MHz to 2.0 GHz wth
201 points was selected. A normal weighting function was used
to synthesize a one-nanosecond pulse with maximum sidelobe
levels of -43 dB.

The sweep time was set for 100 milliseconds. In the swept
measurement mode, the 45 MHz to 2 GHz sweep takes place in 100
milliseconds. However, in the stepped measurement mode, a
measurement takes approximately 100 times longer, or 10
seconds.

The measurements utilized a bistatic antenna
configuration. Hence, the S21 scattering parameter was of
primary interest. Recall that S21 measures the insertion loss
of a two port network, which is essentially what a bistatic GPR
does when it radiates energy from one antenna and receives
energy at another.

The HP 8510 RF output power was set to 10 dBm (0.1 watt)
average for all frequencies over the measurement range. At
this power level, tae network analyzer had approximately a 90
d3 dynamic range. However, the full dynamic range capabilities
of the network analyzer were not utilized. This was because
the surface return signal from the S21 measurements with the
GPR antennas was about 40 dB below the calibration signal
level. Thus, the usable dynamic range was reduced by 40 dB.

The dynamic range might be improved at the expense of
calibration accuracy by inserting a low-noise amplifier at port
two (the receiver port) of the HP 8513A transmission test set.
Unfortunatel7, calibrating the analyzer with the amplifier
would require adding an attenuator in front of the amplifier
during calibration to avoid overioading the port two input.
The attenuator would then be removed during actual
,easurements. However, the vector calibration would then be
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inaccurate. It was decided not to use an amplifier at the
receiver port to maintain the accuracy of the calibration.

The network analyzer has the capability of performing
trace averaging. Averaging traces reduces the noise effects,
and hence increases the measurement dynamic range. The
measurement time in the swept mode increases linearly with the
number of averages, but in the stepped mode, at least 500
averages are required to lengthen the measurement time. it -_a
decided not to utilize the averaging capabilities of the H?
8510 because the pulsed GPR systems tested did not have
averaging as a bui-in feature. tilizing averaging : r.-
.he frequency-domain GPR systems would not allow an obect:ve
ccmparison between all of the tested radars.

6.4 ANTENNAS USED FOR THE GPR SOIL-MODEL TESTS

Two types of antennas were designed and built for testin
the GPR systems. One type was a TEM horn similar to the ones
used with the GAR RODAR-, highway-survey GPR. The other was a
triangular-sheet (bow-tie) dipole. Each of these antennas
offered advantages over the other. Tests were performed with

the two types of antennas to decide which type gave the best
overall performance.

6.4.1 TEM HORN ANTENNA

The TEM horn has several performance capabilities that
make it useful for GPR applications. it has broad bandwidth,
low dispersion, and a low reflection coefficient. Such facor
make it ideal for short-pulse radars, which require low pulse
stretch and high bandwidth. Some of the considerations
impacting the design of a TEM antenna for GPR applications are
outlined in Section 3.3.3.

CAR spent considerable time constructing a pair of TB 4
horns for use in the tests. 'We used a design similar to the
RODAR7" antennas, except that a wider aperture and a different
shape for the antenna foil plates were employed. The
lmensions of the TEM antennas were selected for cotimum
soerat:on *w.th t-e cne-nanosecond time-domain pulses that wer-
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used with the test GPR systems. Furthermore, we decided to use

an alternative fabrication technique for the test antennas in

order to see if enhanced antenna clutter and reflection

coefficient performance could be achieved.

Each antenna was fabricated with two 39-inch long brass
foil plates that had varying width cross-sections along their

lengths. The foil plates were adjusted into a wedge shape .

the feed noint at the narrow end. The foil plates were lued

to two 0.75-inch thick foam boards and spaced with the proper

wedge angle by additional foam side panels. The plates fa~eo

each otner on the inside of the wedge. The intention *was -o

nave only air between the foil plates to minimize adverse

performance anomalies that could result with other materials

between the plates.

At the feed toint, a coaxial connector made the transi-t::

to the parallel plate structure of the antenna. The tips of
zhe antenna plates were attached to resistive cards that
terminated the surface currents flowing on the plates. The

antenna feed point and tip were tuned to reduce time-domain
reflections. This tuning procedure was a time-consuming task

requiring considerable patience.

The antennas were tested using both short-pulse time-

domain reflectometry and HP 8510 frequency-domain tests to
verify their performance. We found that the antennas had

reflection waveform amplitudes that were about -36 dB down from

tne incident pulse amplitude. Their effective radation

bandwidth extended from 250 MHz to 2.0 GHz. However, t:.me
imitations did not allow formal and extensive antenna

parameter and pattern tests to be performed.

6.4.2 TRIANGULAR-SHEEf DIPOLE ANTENNA

The coo lanar, triangular-sheet dizole antenna is a s:o
esign that has teen used e:tensively in GPR applications.
exhibits a moderately broadband response, and achieves it wi-h
a simple, compact structure. it does not, however, exhibit the
w:de bandwidth, low dispersion, or low reflection coefficient
o: the TEM horn.



These antennas are deployed with the two triangular shee

lying on the surface of the ground. If the antenna is

electrostatically shielded on -he back side, most of the

radiated signal energy from the antenna couples into the

ground. The close coupling of the dipole to the ground gives

it a tremendous advantage over the TEM horn.

The length of the dipole arms is directly related to the

radiation bandwidth of the antenna. Long triangular sheets ca:

radiate lower frequency RF energy than short triangular sheets

Ty-pically, each antenna arm must be at least 1/ wavelength

_sng at the lowest desired RF frequency in order to radlate

properly. Fortunately, when the bow-tie antenna is in direc

contact with the ground, the dielectric constant of the soil

acts to decrease the wavelength of the RF energy, and thus

appears to make the antenna arms effectively longer. This
implies that for a given RF bandwidth, the GPR bow-tie antenna

dimensions can be reduced from "the dimensions of an antenna

designed to radiate in air.

GAR designed one pair of bow-tie antennas for the GR

tests. The antennas were designed to have a low-frequency

cutoff of approximately 200 MHz when operated over soil with a

relative dielectric constant of 16. The design parameters of

the antenna were extracted from a report published by Brown an

Woodward . The bow-tie was built from brass shim stock and

included a shield on the back to minimize clutter returns and

maximize the energy coupled into the ground.

A sketch of the bow-tie antenna is shown in Figure 6.7.

coaxial cable feed is coupled to the two antenna leaves thrzu

a 50-ohm to 200-chm balun transformer. Each of the antenna

'eaves has two 200-ohm resistors connecting the antcnna :o:ils

o tnte antenna shield. These resistors help to absort trhe

energy tnat is not "adiated or reflected by the antenna.

6.4.3 QUALITATIVE COMPARISONS BETWEEN THE TEM HORN ANTENNAS

AND THE TRIANGULAR-SHEET BOW-TIE ANTENNAS

Qualitative tests were used to compare the performances

-ne TEM hcrns and the bow-t1e antennas in order to determine

wn.cn :ye of antenna to use f-)r the GPR source tests. The
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antennas were tested in the ground-penetration mode on the

soil-model tank using the responses from the buried targets ant

loop probes as the criteria of selection. No formal antenna

pattern, VSWR, or pulse tests were performed. The antennas

were tested in the bistatic and monostatic modes with both the

CAR time-domain GPR and the HP 8510 network analyzer-based

systems. The TEM horn antennas were tested in a ground-ccntac-

mode and an air-coupled mode. Most of the expected performance

characteristics of the antennas were verified during the tesns.

The TEM horns exhibited good bandwidth response and a 1:w

reflection coefficient in both the ground-contacting and air-

coupled modes. The target returns and probe signals showed

little pulse stretch. The response of the bow-tie antennas

showed more pulse stretch and less bandwidth. The bow-tie

antennas had a higher reflection coefficient than did the TEM

horn antennas. The bow-tie antennas also coupled more energy

into the ground than did the TEM horns. This was evidenced by

the higher target return signals.

An unexpected result led to the selection of the bow-tie

antennas for the subsequent GPR tests. Specifically, the bow-

tie antennas had a signal-to-clutter ratio that was at least

dB larger than that of the horns. This phenomenon was probab!:-
due to the better antenna-to-ground energy coupling of the bow-

tie antennas. In addition, the TEM horns radiate along their
entire 39-inch structure and thus are susceptible to above-

ground clutter.
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SECTION 7

DESCRIPTION OF THE MEASUREMENTS USING THE CANDIDATE GPR SYSTEMS

The GPR measurement program was divided into three phases.
Phases 1 and 2 involved scale-model measurements with the soil
tank using two different clay dielectrics. Phase 3 consisted
of full-scale GPR measurements using the HP 8510 in a stepped-
frequency mode on an outdoor test field. The stepped-frequency
system was chosen exclusively for the Phase 3 measurements
because it showed the best performance of the four scale-model
GPR systems tested.

7.1 DESCRIPTION OF THE PHASE I AND PHASE 2 SCALE-MODEL GPR
MEASUREMENTS USING THE SOIL-MODEL TANK

Phase 1 involved soil-model tank measurements using clay
shale as the model dielectric. The clay shale provided the
most demanding of the two scale-model testing environments.
This was because the shale had considerably higher loss
characteristics than the clay schist used in the Phase 2
measurements. Phase 1 and Phase 2 measurements were conducted
in a similar fashion. Figures 7.1 through 7.3 are photographs
of some of the GPR equipment configurations used for the soil
tank measuremevis.

When the target measurements were made, the bistatic
antenna systems were placed directly over each of the pipes.
The antennas were oriented in such a manner that the electri
field polarization vector was parallel with the pipe axial
dimension to ensure maximum signal return. Recall that the
ISS: short-pulse radar required the use of its own antenna
system, so the specially-constructed test antennas could nct te
:sed with it. This should be taken into account when compar...
the results of the GSSI radar measurements with those from the

other GPR systems.

The output data of each of the candidate GPR systems were

presented in a time-domain format so that the results could
easily be compared. Photographs were taken of the GPR time-
domain displays. in the case of the HP 8510-based frequency-
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Figure 7 2: GSSI short pulse radar used for soil model tank

tests.
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Figure 7.3: HP8510 frequency domain radar equipment for soil
model tank tests.
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domain systems, plots were also made of the time-domain

displays for better visual clarity.

Care was taken to avoid any uncalibrated gain adjustments
with the GPR systems in order to maintain measurement accuracy

and repeatability. The target signals from both of the short-

pulse radars were measured at the receiver outputs. No gain

adjustments were possible in the receiver signal chain before

the measurement points with the short-pulse radars. The
network analyzer calibration procedure performed before each
measurement removed the possibility of any uncalibrated gain

adjustment errors in its display.

The performances of the GPR systems were not compared

based on absolute received signal power levels. Instead, the
primary performance criteria used for the GPR comparisons were

based on target detectability and the signal-to-clutter levels

of the target returns.

Strip-chart recordings were produced for the two short-
pulse radars as the antenna systems were pulled across the soil
tank. The strip-chart recordings were intended primarily as a

qualitative indication of the relative performances of the two
short-pulse radars. They were most useful when searching for
target return signals having signal-to-clutter ratios less than

6 dB.

A strip-chart recording provides additional information to
the GPR operator by displaying the radar scans on paper in a
sequential fashion. The radar output waveform is digitized and

converTed to a grey-level format and printed on paper by a
stylus. The paper scrolls forward, and as each radar scan is
produced, the stylus scans across the scrolling paper in a
direction perpendicular to the scrolling direction, thereby
producing a line with modulated grey-level intensity. As more

and more scans are recorded on the paper, the strip-chart
recording presents a display that allows the observer to
visually "integrate" many scans to see the changing target

returns.

Unfortunately, the HP 8510 receiver waveform data was not
readily available for output to a strip-chart recorder. To
grncratc a strIp-chart recording of the HP 8510 data, the

digitized display output would have to be exported to a
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computer, stored, and then output to the strip-chart recorder.

Time did not permit implementation of a strip-chart interface

for the HP 8510.

Simple signal-to-clutter measurements were performed with

each of these candidate GPR systems. The purpose of these

measurements was to evaluate the internal clutter level

generated in the GPR systems. However, this clutter level is a
function of the antennas and their deployment because any

impedance mismatches at the antenna cause reflections that

appear in the receiver range window. It was desirable to
include this form of clutter in the signal-to-clutter

measurement.

It was very difficult to structure an accurate test for

the signal-to-clutter measurement. The bow-tie antennas are
very sensitive to radiation impedance loading. They must be

placed on or near the surface of the ground to avoid producing

a response with excessive ringing. The excess ringing

contributes to the clutter present in the receiver output
waveform. Ideally, the antenna must be placed over a

dielectric medium that absorbs all of the energy radiated from
the antenna; thus, no signals from external targets and signals
will appear in the receiver waveform.

GAR engineers were unable to lcate such an ideal medium.
The closest available approximation to this ideal absorbing
medium that could be used for the signal-to-clutter tests was

the clay shale in the Phase 1 test tank (the clay schist in the
Phase 2 tank did not have high enough attenuation). The shale

exhibited a very high attenuation characteristic. Although the

shale tank contained pipe targets, the GPR systems were
incapable of producing detectable signals from any of the

targets deeper than 27 inches. Therefore, the antenna system
was placed over the center of the tank, on the surface, where

the pipe targets were a maximum distance from the antennas.
Additionally, the antenna system was oriented so that it was

cross-polarized with respect to the pipe targets, thereby

minimizing potential target return signals. With this
configuration, we expected that any target signal returns would

fall below the GPR receiver internal clutter level.

The signal-to-clutter measurement required the

establishment of a reference signal level. The reference
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signal chosen was the return from a 19 inch by 24 inch metal

plate target located two inches below the antenna system. Air
was used as the dielectric between the antenna system and the

plate. The plate chosen as the reference target had large
enough dimensions that it intercepted almost all of the signal
radiated from the antenna. Thus, a larger plate would have

produced an insignificant difference in the plate return

amplitude.

T~ amplitude of the signal return from the plate was
measured and used as the reference for each of the GPR systems.
The signal return from the plate was within the dynamic range

of the GAR radar system sampler and the HP 8510 receiver so
that there was no risk of signal compression. However, the

exact compression point of the GSSI sampler was unknown.

The antenna systems were then placed over the center of
the soil tank in the cross-polarized orientation. The receiver
waveforms beyond the surface return were assumed to be
dominated by interral clutter signals. Therefure, a
measurement was made of the signal level at a location
approximately 15 nanoseconds from the beginning of the receiver
range window. The largest signal present in a four nanosecond
region centered at the 15 nanosecond point was used as the
representative clutter level for the signal-to-clutter

measurement.

A signal-to-clutter ratio was computed for each GPR system
and expressed in decibels. This ratio was computed by dividing
the measured amplitude of the return from the metal plate by

the measured clutter signal level.

The difficulty in making an accurate and objective signal-
to-clutter measurement that included the effects of the antenna

system was recognized. Therefore, the signal-to-clutter
measurement described above was used as a figure of merit and
was not intended to be used as a binding measure of the clutter

performance of the candidate GPR systems. Future investigation
may well reveal a better method of measuring the signal-to-

clutter ratio that would include the antenna systems and avoid
the use of a lossy dielectric as a matched load for the
antennas. Nonetheless, the signal-to-clutter ratios determined
under this program (as described above) were felt to be
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adequate in comparing the relative merits of the candidate GPR

systems.

7.2 FULL-SCALE GPR FIELD MEASUREMENTS

Once the soil-model tank measurements of Phases 1 and 2
.-ere completed, the corresponding performance of each of the
GPR systems was evaluated. GAR engineers concluded that the

stepped-FM system using the HP 8510 gave the best signal-to-
clutter and dynamic range performance. The basis for the
selection of the stepped-FM system is explained in more detail
in Section 9. The stepped-FM system was tested on a pipe test
field that GAR built several years ago near its Marietta

facility.

The pipe test field contains two plastic pipes and four

metal pipes, of several diameters and buried at various depths.
igure 7.4 is a top view of the pipe test field showing the

pipe diameters, their fabrication material, and their relative

spacing. Figure 7.5 is a side view of the pipe test field
showing the burial depths of the pipes. As the pipe field is
several years old, the pipe burial depths are not precisely
known due to settling and other environmental effects. It is

estimated that the burial depths are known to within + 4

inches.

The full-scale field measurements were qualitative in

nature. They were meant to demonstrate the detection

capabilities of a stepped-FM GPR system. It was felt that
quantitative measurements would not be accurate due to the

unknown soil conditions of the pipe field. The homogeneity of
the soil could not be determined, and the exact burial depths

of the pipes were not known.

The full-scale field stepped-FM GPR measurements utilized
a time-domain synthesized pulse with a bandwidth of 45 MHz to
700 MHz. A "normal" bandwidth weighting function was used,
thus a pulse of three nanoseconds in duration (as measured at
the 50% voltage amplitude points) was synthesized. The
bistatic antenna system used for the tests consisted of two
triangular-sheet dipoles with dimensions approximately 2.5

times those of the antennas used for the laboratory scale-model
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measurements. The antenna system was a unit designed to be

used with a GSSI short-pulse radar system having a three to

four nanosecond duration transmitter output pulse. The antenna

system was adapted for use with the HP 8510. All measurements

of the time-domain pipe signal returns were made with the

antennas polarized such that the electric field vector was

parallel to the pipe axis.
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SECTION 8

MEASUREMENT RESULTS

This section summarizes the measurement results obtained
,while testing the candidate GPR source signal types. The

controlled dielectric environment for the scale-model tests

provided a basis by 'which the performances of the GPR systems

could be compared. The results from the scale-model es wes

eva-__oe and the scale-model GPR system w: - n the best

r erformance 'was lientified.

A full-scale version of the scale-model GPR with the bes-.

oerfcrmance "was then fabricated and tested in a realistic

environment. GAR built a test field several years ago

containi:ig buried utility pipes to be used for testing GPR

systems. The performance of the full-scale GPR -was tested cn
.h4s 4:- !d.

8.1 PHASE I SCALE-MODEL GPR MEASUREMENTS (CLAY SHALE)

The Phase 1 measurements with the scale-model GPR systems
used clay shale a. the dielectric material in the soil-model

tank. The measured dielectric properties of a sample of the

clay shale are given in Appendix B. The diameters of the po.

targets, and their burial depths in the soil tank, were

ccnsist-ent with a model scale factor of five. Recall that

7:gures 5.1 and 5.2 show the target locations within the sc.-
model tan.-c

Care must be taken when evaluating results obtained "ith
'-e scale-model systems. When model-soil dielectric p=---e,,r

are .eng extrapolated to a f-ull -scale environment, the
tonu.... , and hence the attenuation characteristics. : - -

s-a e are scaled. dcwnwa-d by the scale factor. Target

d:mensions, turial depths, and the wavelengths of the RF eoer-

are scaled uoward.

A summary of the Phase 1 GPR measurements is given in e

secio ns whichf:...w. The summary : ncludes signal-to-clutter
eva..uat:"ns, a re 'e~e o:eectric constant verification



measurement for the clay shale in the test tank, and target

detection measurements.

8.1.1 SIGNAL-TO-CLUTTER MEASUREMENTS

The signal-to-clutter measurement procedure was described

in Section 7. The results are given in Table 8.1 below.

TABLE S.1: RESULTS OF SIGNAL-TO-CLUTTER RATIO MEASUREMENTS FOR

THE CANDIDATE GPR SYSTEMS.

GPR System Signal-to-Clutter Ratio (d3)

GAR Short Pulse 51.5

GSSI Short Pulse 52.8

HP 8510 FM-CW 57.5

HP 8510 Stepped FM 57.5

The measurements for the HP 8510-based systems may have

been subject to dynamic range limitations. The reflection from

the metal plate used as the reference signal amplitude for the

measurements was 34 dB below the calibrated network analyzer

reference level for the S21 parameter. Thus, signal-to-clutter

ratios of 58 dB approach the dynamic range specification of 90

d3 for the HP 8510. Consequently, the signal-to-clutter ratios

obtainable with the H? 3510-based systems may be larger than

those presented in Table 8.1 above.

The sidelobe levels of the signal returns from the surface

may have been a key factor, if not the determining factor, in

the GPR signal-to-clutter measurements. The surface return

signal had sidelobes associated with it that extended into the

remainder of the receiver window. The sidelobe levels of the

sourface return signal had the same relative implitude

relationships as those measured for the transmitted pulses.

rhe sidebobe level of the HP 85!0 synthesized pulses was down

i0 dB at five nanoseconas from the main lobe peak: the sidelobe

level of the CAR monocycle pulse was 50 dB below the pulse.

The sidelobe levei of the GSSI transmitter pulse could not be

measured because the transmitter was contained in a sealed

e.losure.
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The surface return sidelobe level represents a practical

limit for the minimum clutter level to be expected from a GPR.
The other sources of clutter, such as connector reflections,
antenna reflections, and transmitter noise, increase the
clutter level above that caused by the surface return sideloe-
alone. The clutter level varies with location in the receiver
window and it is difficult to distinguish contributions from
various clutter sources.

8.1.2 GPR MEASUREMENT OF THE RELATIVE DIELECTRIC CONSTANT OF
THE PHASE i SOIL-MODEL TEST TANK

When the soil-model tanx was filled, the possibility
existed that the dielectric properties of the clay shale in z-
tank would not match those obtained in the laboratory
measurements of an individual sample. These laboratory
measurements were always performed on a clay sample that was
tightly packed into a test cell. Fortunately, the shale was
quite moist and as the soil tank was filled, the clay was
tamped periodically to maintain a consistent density.
Nevertheless, the attenuation property of the shale tank could
not be measured directly as was done with the soil sample.
Therefore, an exact value for the attenuation of the shale in
the tank was not known.

The dielectric constant and attenuation properties of a
given soil vary with density just as they do with moisture. A-
the density increases, so does the dielectric constant and the
attenuation. CAR engineers felt that if the relative
dielectric constant of the clay in the tank was the same as
that of the laboratory sample, then the attenuation of the cla
in the tank would be approximately the same as the attenuaticon
measured for the sample. Therefore, it was necessary to
measure the dielectric constant of the soil in the test tank.

The relative dielectric constant of the clay in the tang
was computed using the signal returns from the targets. The
only measured radar parameter required is the real-time delay
between the surface return and a target. if the measuremen i,
performed with a monostatic antenna system, the relative
dielectric constant is then given by:
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= (ct/2d) 2 , (3.1)

-where t is the real-time separation between the surface return

and the target return, d is the known distance from the surface
to the target, and c is the speed of light in a vacuum. f
Equation (8.1) is modified to include the spacing between the

phase centers of bistatic antennas, the relative dielectric

constant equation becomes:

E = ( ct'( 2((s/2) 2 + d2)t"z ) )2 (32)

where s is the spacing between the antenna phase centers. 7n

the case of the bistatic bow-tie antennas, the phase centers o:
the dipoles were assumed to be the feed points.

The accuracy of this method of determining the dielectric

constant of the clay in the tank is affected by several
factors: the accuracy and linearity of the GPR equivalent-time
receiver range display, the exact spacing between the phase

centers of the bistatic antennas, the centering of the antenna
system above the target, and the difference between the
expected target depth and its actual buried depth. The HP 8510
had the most accurately calibrated range display; therefore,
the dielectric constant was calculated using the network

analyzer receiver output signals. Furthermore, the effects of
errors in determining s and d are minimized by selecting
sianals from deep targets for computing the dielectric constant
of the soil in the tank. However, the shale had high

attenuation properties and the deepest targets were not

detectable at the receiver, so a relatively shallow target was
used for the dielectrq constant measurement.

Figure 8.1 is a plot of a received waveform from the H?
?510 using the steooed-FM -me-domain mode. Marker is paced

on the surface return, Marker 2 is on a 1.25 inch diameter
plastic pipe 7.8 incaes deep, and Marker 3 is on the retrn
from a metal plate 21 .6 inches below the surface. Using the

olate return to compute the dielectric constant, the parameters
f-r Equaton (8.2) become: d=0.548 m, s .165 m, t=12.6 ns. an
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L INEAR
REF Z.0 Units
2 500.0 Lunits/
V 1.2754 mU.

14 DCIA.. PLASTIC - 4METAL PLATE

I I

I . _ _ _ _ _ _ _ _ _ __, ._ _ _ _ _ _ _ _ _

__ _ _ __ _ _ _ _ _ _.p

STAR7 Z. s
STC= 3.0 n=

MARKER 1 = SURFACE
MARKER 2 = 1.25 DIA PLASTIC PIPE
MARKER 3 = METAL PLATE
201 POINTS STEPPED-FM
3.6 NS/DIV REAL-TIME

Figure 8.1: Plot of the HP8510 returns of surface (Marker !
a 1.25 inch dia. plastic pipe (Marker 2), and a
metal plate (Marker 3).
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c=3 x 10 8 m/s. The relative dielectric constant is computed to

be 11.63.

The laboratory measurement of the dielectric constant of

the shale sample is presented in Appendix B. For the frequency

band of 200 MHz to 2.0 GHz, the dielectric constant varies

between 14 and 16. If the measurement of the relative

dielectric constant using the GPR system was accurate, the

shale in the tank above the plate target may not have been

packed quite as densely as the sample was in the test cell.

This means that the attenuation, in dB/m, for the clay in the

tank was probably less than that of the sample.

The two measurement techniques yielded similar results for

the relative dielectric constant of the shale in the test cell

and the shale in the test tank. If the potential sources of
error for the test tank measurement are taken into account, the
results of the test-cell measurement are an acceptably accurate

representation of the electromagnetic properties of the shale

in the test tank. Therefore, the test-cell parameters were

used for subsequent calculation, involving the electromagnez o

parameters of the shale in the test tank.

8.1.3 PHASE 1 SOIL-MODEL TANK TARGET MEASUREMENTS

This section presents the target measurement data for the

soil-model tank containing the clay shale. Table 8.2 below
summarizes the measured target signal return amplitudes from

each of the GPR systems. The table readily allows comparisons
of the target-detection performances of the test radars. Also
included at the end of this section are photographs and plots

of the candidate CPR receiver output waveforms showing some of

the target signal returns.

he lef-most five columns in Table 8.2 describe the mode

pie target environment and an extrapolated full-scale
environment based on the model. The model scale factor of five

is chosen for the computation of the full-scale environmental

parameters, which is consistent with the scale factor used for
selection of the model tank parameters. The left-most column

is the actual outside diameter, in inches, of the pipe targets

buried in the soil-model tank. The second column lists the
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depths, in inches, from the surface to the tops of the pipes.

The third column lists the equivalent outside diameter of the

pipes in a full-scale environment. The fourth column contains
the extrapolated depths of the pipes, measured in feet, for a

full-scale environment. The fifth column describes the

material of the pipe construction: metal or plastic.

The remaining four columns present the measured am.plitudes

of the signals from the pipe targets for each of the candidate
WPR systems. The cases for which the pipes were undetectable

are noted in the table. The short-pulse radar amplitudes are
expressed in millivolts and the HP 8510 target signal

amplitudes are expressed in micro-units. One micro-unit is
1/1,000,000th of the amplitude of the normalized signal

obtained from the HP 8510 S 21 at calibration. The S 2 1

calibration is performed by removing the antennas from the
antenna cables and connecting the cables directly together.

Therefore, the S21 calibration amplitude is much greater than

the signals from the antennas.

Also included near the bottom of Table 8.2 is the shale
clay attenuation expressed in dB/m at 1 GHz and an
extrapolation of this attenuation to a full-scale environment.
The value of the clay attenuation at 1 GHz comes from the grapn
included in Appendix B.

Care must be taken when comparing the target-detection
performances of the GPR systems using the amplitude results in
Table 8.2. The aosolute amplitudes cannot be compared between

radars. This is because each of the radar systems is
constructed differently and produces different output levels.
Instead, the comparison should be based on the ratios of the

amplitudes of the targets as measured with each radar.

For example, the maximum target signal amplitude for eacn
GPR is from the 0.88 inch diameter metal pipe. These
measurements (along with the corresponding measurements for the

0.88 inch diameter plastic pipe) can be used as the reference
target signal amplitudes for each radar. The other target
signal returns can be expressed as a fraction of the amplitude
of the corresponding reference level. These ratios are
summarized in Table 8.3.
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For the GAR short-pulse radar, the ratio of the 2.38 inch

metal pipe return amplitude to the amplitude of the 0.88 inch

metal pipe is 43/1120=0.038. The ratios of the same two target

returns for the GSSI system, the HP 8510 swept-FM system, and
the HP 8510 stepped-FM system are 20/700=0.029, 350/8970=0.039,

and 314/7760=0.040, respectively. These ratios are all within

3 dB of each other, as would be expected. This is because all
of the environmental factors affecting the signal returns are

the same with each of the radars.

Other target return ratios show greater variation between

the GPR systems. The ratio of the 0.88 inch plastic pipe
return to the 0.88 metal pipe return shows a 10 dB variation

between the radars. The target ratios for the GSSI system, the

CAR system, the HP 8510 swept-FM system, and the HP 8510

stepped system are 0.143, 0.277, 0.370, and 0.440,
respectively. Several reasons may account for this variation.

First, the pipe target was very close to the surface,

causing the target return and the surface return to interfere

somewhat. This may have led to an error in measuring the
return amplitudes of the 0.88 inch pipes. Second, the GSSI
radar used a different antenna than the other three systems,

which may have resulted in a different near-range response.

Third, the received signal level is sensitive to the antenna

coupling to the ground. Optimally, the antennas should be
flush with the soil surface. However, the soil surface could

not be made perfectly flat, so that some unevenness existed.

Another very important result can be determined from the

ratios of the plastic and metal 0.88 inch pipes. On the

average, the plastic pipe return is about 9 dB lower in

amplitude than the metal pipe return. This implies that the

plastic pipe has a radar cross section that is approximately

one-third that of the metal pipe in voltage. Similar
variations of the signal amplitudes are observed when

comparing the returns from the plastic and metal pipes buried

at other depths. The implication is that a plastic pipe of a
given diameter must be closer to the surface than a metal pipe

of the same diameter in order to be detected.

The radar cross section of a plastic pipe filled with a

liquid, such as water, will typically be greater than that of a

plastic pipe filled with a gas. This is due to the higher
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relative dielectric constant of the liquid. The plastic pipes
in the soil-model ta:, were air-filled, and no measurements
were made with liquid-filled plastic pipes.

Another phenomenon was noted when generating strip-chart

recordings using the two time-domain pulsed radars. The metal
pipe signals were detectable at much greater off-center angles
than the plastic pipes. (An off-center orientation is obtained
by first placing the GPR antenna directly over the pipe and

then moving the antenna in a direction perpendicular to the
longitudinal axis of the pipe.) This difference in off-center
responses was greater than that which could be explained simply

based on the larger return obtained in general from the metal
pipe than from the plastic pipe. This means that the radar

cross section of an air-filled plastic pipe varies differently
with respect to the off-center angle than does that of a metal
pipe. Thus, algorithms to extract pipe returns from radar
receiver waveforms should account for these differences in the
radar cross section patterns of the two classes of pipes.

A thorough measurement of the radar cross section patterns

of metal and plastic pipes of similar diameter with respect to
depth would be quite interesting. Results from such an
investigation would be valuable to the GPR designer and to the
designer of pipe-detection signal processing algorithms. Such
measurements, however, were beyond the scope of this program.

Figures 8.2 through 8.17 are photographs and plots of the
received waveforms from each of the GPR systems. The antenna
systems were placed in four different locations on the surface
of the soil-model tank. The antenna systems were always

centered directly above the pipe and polarized in parallel with
the pipe axis to ensure maximum return signal. The surface and
target return signals are identified in each figure. The
location of the antenna systems in each figure is described

below.

In Figures 8.2 through 8.5, the antenna system was placed
above the 1.31 inch metal pipe buried at a depth of 7.8 inches.
Figures 8.6 through 8.9 show the returns from the 1.25 inch
diameter plastic pipe at a depth of 7.8 inches with the metal
plate located beneath the pipe at a depth of 21.6 inches. In
this case, the antenna was placed directly above the pipe, and
the plate was slightly off-center. Figures 8.10 through 8.13
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SURFACE AT 1.5 DIV FROM LEFT
1.31 DIA METAL PIPE AT 2.5 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.2: Phase 1 measurement. GAR short-pulse radar
received waveform showing the 1.31 inch diameter
metal pipe return at a depth of 7.8 inches.
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SURFACE AT 1.2 DIV FROM LEFT
i.31 DIA METAL PIPE AT 2.2 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.3: Phase 1 measurement. GSSI short-pulse radar
received waveform showing the 1.31 inch diamete7
metal pipe return at a depth of 7.8 inches.
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S L -NEAR

2 500.0 :~
V -3.0331 mU.

I 5/1E DIA1. METAL

JF

CI

K''

S-AR7 0.0s
STZP

MARKER 1 = SURFACE
HARKER 2 = 1.31 DIA METAL PIPE
201 POINTS SWEPT-FM
.3.6 NS/DIV REAL-TIME

Figure 8.4: Phase 1 measurement. HP8510 swept-FM received
waveform showing the 1.31 inch diame:er metal
pipe return at a depth of 7.8 inches.
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S2: L NEAP
:R . Units

7 3 .2555 mU.

1 5/! B DIA . NMETAL

2

STZP 36.0 n=

MARKER 1 = SURFACE
MARKER 2 = 1.31 DIA METAL PIPE
201 POINTS STEPPED-FM

-TI

3NS/DIV REAL-TME

Figure 8.5: Phase 1 measurement. HP8510 stepped-FM received
waveform showing the 1.31 inch diameter metal
pipe return at a depth of 7.8 inches.
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SURFACE AT 1.5 DIV FROM LEFT
1.25 DIA PLASTIC PIPE AT 2.6 DIV FROM LEFT
METAL PLATE AT 4.6 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.6: Phase 1 measurement. GAR short-pulse radar
received waveform showing the returns fromn t-e
1.25 inch plastic pipe at 7.8 inches and thIe
metal plate at 21.6 inches.
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SURFACE AT 1.2 DIV FROM LEFT
1.25 DIA PLASTIC PIPE AT 2.2 DIV FROM LEFT
METAL PLATE AT 4.2 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.7: Phase 1 measurement. GSSI short-pulse radar
received waveform showing the return from the
1.25 inch diameter plastic pipe at 7.8 inches anc
the metal plate at 21.6 inches.
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S2 1 L !NEAR
REF 0.0 Uni:s

2 5 0. .' is/
V 1. 1857 mU.

1/4 DIA. PLASTIC PIPE - METAL PLAT

A

I

7^

START Z.0 s
S-1 P 36.0 rns

MRKER 1 = SURFACE
MARKER 2 = 1.25 DIA PLASTIC PIPE
MARKER 3 = METAL PLATE
201 POINTS SWEPT-FM

-'3.6 NS/DIV REAL-TIME

Figure 8.8: Phase 1 measurement. HP8510 swept-FM received
waveform showing the return from the 1.25 inch
diameter plastic pipe at 7.8 inches and the metal
plate at 21.6 inches.
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$2 1 LNEAR

2 500.0 IUnits/7 1.2754 mU.
-2. 1/4 DIA. PLAS I -: METAL t -E

M ,

MAKE 2_=_.25____PASTIPIP

I

I I

MARKER 3 = METAL PLATE
201 POINTS STEPPED-FM

3.6 NS/DIV REAL-TIME

Figure 8.9: Phase 1 measurement. HP8510 stepped-FM received

waveform showing the return from the 1.25 inch

diameter plastic pipe at 7.8 inches and the meta-
plate at 21.6 inches.
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SURFACE AT 1.8 DIV FROM LEFT
3.5 DIA METAL PIPE AT 5 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.10: Phase 1 measurement. GAR short-pulse radar
received waveform showing the return from the 3-
inch metal pipe at IS inches.
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SURFACE AT 1.3 DIV FROM LEFT
3.5 DIA METAL PIPE AT 4.4 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.11: Phase 1 measurement. GSSI short-pulse radar
received waveform showing the return from the 3.
inch metal pipe at 18 inches.



S-.: -I L:NEA,
E-F 0.0 Uni -s

V 54..959 'LL.: .Z !L"it±/
3 1/2 D:A. METAL -_______

S-ART 0.0

MARKER 1 = SURFACE
MARKER 2 = 3.5 DIA METAL PIPE
201 POINTS SWEPT-FM
3.6 NS/DIV REAL-TIME

Figure S.12: Phase 1 measurement. HP8510 swept-FM received
waveform showing the return from the 3.5 inch
metal pipe at 18 inches.
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S 2 1  LINEAR
REF 0.0 Units
2 100.0 4Units/

5 9 .9 - -4U .

B 1/2 DIA.] META-

2

MAR2ER I ='SURFACE

MARKER 2 - 3.5 DIA METAL PIPE
201 POINTS STEPPED-FM
3.6 NS/DIV REAL-TIME

Figure 8.13: Phase 1 measurement. HP8510 stepped-FM received
waveform showing the return from the 3.5 inch
metal pipe at 18 inches.
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SURFACE AT 1.6 DIV FROM LEFT
2.5 DIA PLASTIC PIPE AT 3.9 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.14: Phase I measurement. GAR short-pulse radar
received waveform showing the returu from the 2.5
inch diameter plastic pipe at 15.6 inches.
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SURFACE AT 1.3 DIV FROM LEFT
2.5 DIA PLASTIC PIPE AT 3.4 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.15: Phase 1 measurement. GSSI short-pulse radar
received waveform showing the return from the 2.5
inch diameter plastic pipe at 15.6 inches.
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S-1 LINEAR
REF 0. 0 Lnitts

V 117.22 pLU.
2 1/2 iA. PLAS-IC

S7AR7 0.3 s
S-C= 36.0 ns

MAkRKER 1 = SURFACE
MARKER 2 = 2.5 DIA PLASTIC PIPE
201 POINTS SWEPT-FM
3.6 NS/DIV REAL-TIME

Figure 8.16: Phase 1 measurement. HP8510 swept-FM received
waveform showing the return from the 2.5 inch
diameter plastic pipe at 15.6 inches.
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S 7 i

MARKER 1 = SURFACE
MARKER 2 = 2.5 DIA PLASTIC PIPE
201 POINTS STEPPED-FM
3.6 NS/DIV REAL-TIME

Figure 8.17: Phase 1 measurement. HP8510 stepped-FM receive
waveform showing the return from the 2.5 inch
diameter plastic pipe at 15.6 inches.
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show the received signals from the 3.5 inch diameter metal pipe

at a depth of 18 inches. Finally, Figures 8.14 through 8.17

show the received waveform from the 2.5 inch plastic pipe

buried at a depth of 15.6 inches.

8.2 PHASE 2 SCALE-MODEL GPR MEASUREMENTS (CLAY SCHIST)

The Phase 2 measurements were performed with clay schist

in the soil-model tank. The measured dielectric properties of

a sample of the clay schist are given in Appendix B. The tank:

was filled using the same procedure as was used with the clay

shale of the Phase I measurements. The targets and their

placements were exactly the same as for the Phase 1

measurements.

The Phase 2 measurements consisted of the verification of

the soil dielectric constant and the actual target

measurements. A signal-to-clutter measurement was not

performed because the schist did not have a high enough

attenuation to make it suitable as a matched load for the

antenna. A summary of the Phase 2 measurements is given in the

sections which follow.

8.2.1 GPR MEASUREMENT OF THE RELATIVE DIELECTRIC CONSTANT OF
THE PHASE 2 SOIL-MODEL TEST TANK

The measurement procedure to determine the relative

dielectric constant of the clay schist was the same as that

used for the Phase 1 measurement. In this case, however, the

return from the metal pipe 36 inches below the surface was used

as a reference. Figure 8.18 shows the pipe return signal from

the H? 8510 operating-On the stepped mote. Marker I is located

on the surface return and Marker 2 is on the pipe return. The

;ipe return is located 22 nanoseconds from the surface. Using
Equation (8.2) ant s = 0.082m, one computes the relative

tielectric constant to be 12.91.

Two samples of the schist were tested using the open

clrcuit sample cell in order to determine the dielectric

;roperties of the soil in the tann. The first sample was taken

from soil at the bricA manufacturer's location and the second
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LINEAR
F 0. 0 LJnit

2 200.0 ) LJnitz/
• 41. 6S FJ.__ _ _ _ _ _ _ _ _ _ _ _ _

hp ~7DA. METAL

I1r2

S TART 0. 0

STC- 4.0 M2

MARXER 1 = SURFACEi
MARKER 2 = 6.63 DIA METAL PIPE
201 POINTS STEPPED-FM
4 NS/DIV REAL-TIME

Figure 8.18: Phase 2 measurement. Plot of the HP8510 returns
of the surface (Marker 1), and the 6.63 inch
diameter metal pipe (Marker 2).
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-was taken from soil that was used in the test tank. The firs-
same-. roduccd a relative dielectric constant of approximately

22, which is considerably higher than the value obtained using
the GPR system. Conseqi ently, the second soil sample was
measured using two packing densities, firm and dense, in an
effort to produce a relative dielectric constant measurement
that was closer to the GPR system measurement. All three sets
of measurements are presented in Appendix B.

The third set of measurements (dense packing) revealed a
r-eative dielectric constant varying between 11 and 11.5 over
the f-eauency range of 200 MHz to 2.0 Ghz. However, tne curve
does exhibit an undulation that is not typical of such a
measurement. It was felt that this undulation could be
attributed to the difficulty in producing a uniformly dense
packing of the soil sample in the test cell. Nevertheless, the
silarity between the GPR dielectric constant measurement and
the densely packed test cell measurement of the second sample
implied that the test cell measurement of the attenuation could
characterize the soil in the test tank with a reasonable degree
of accuracy. Therefore, the matching test cell measurements
could be used to extrapolate the scale-model system to a fuli-
scale environment.

8.2.2 PHASE 2 SOIL-MODEL TANK TARGET MEASUREMENTS

The Phase 2 target meas:urements were performed in a
similar manner as the Phase I target measurements. Table 8._
summarizes the results of these target measurements. This
table is structured in exactly the same way as Table 8.2.

Table 8.5 is similar to Table 8.3 from Section 8.1.3 in that it
lists the normalized received signals for each GPR, where
normalization is donerelative to the return from the
corresponding 0.88 inch pipe (metal or plastic) for the GPR of
interest. -i addotn, photographs and plots of the GPR
-waveforms are included at the end of this section.

When examining Table 8.4, one should note that all of the
targets were detected with all of the GPR systems. This is
due, of course, to tne lower attenuation of the schist in t.e
tank. For the same reason, target signal return amplitudes
f-om the Phase 2 measurements were in general significant1y
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greater than comparable signal returns from the Phase i

measurements. Table 8.6 presents tVe ratios of target signal

amplitudes measured for the schist clay case divided by the

corresponding amplitudes measured for the shale clay case.

An exception to the trend of larger signal returns with

the schist clay was observed with the GAR short-pulse radar

returns from the 0.88 inch diameter metal pipe buried at 4.1
inches. The metal pipe return was actually lower in this case
by 13 percent. Contrast this with the results from he

frequency-dcmain systems. The increase in return amplitude

from the 0.88 inch diameter pipes in schist clay using the
frequency domain systems was at least 49 percent, and ranged a-

high as 89 percent. The GSSI short-pulse radar showed an
increase in the metal pipe return of 14 percent, and an

increase in the plastic pipe return of 160 percent.

in general, the percentage increases in Phase 2 target

return amplitudes relative to Phase I measurements for the -'.
frequency-domain systems and the GSSI short-pulse radar were
much higher than the comparable increases observed with the 2..

short-pulse radar. These differences can only be attributed -
the differences in the frequency content of the RF energy in-

the pulses generated by the GAR short-pulse radar as compared
to those generated by the GSSI and the HP 8510 systems.

The ratios of deep-target returns (the pipes with

diameters of 2.5 inches or more) to returns from the 0.88 nch
pipes for the GAR short-pulse radar were higher than the sae

ratios for the frequency-domain systems (see Table 8.5). The
ratios of the deep-target returns to the 0.88 inch pipe return:
for the GSSI radar were similar to those of the GAR radar.

However, the pipe returns measured with the GAR short pulse
radar did not exhibit increases in going from Phase I to Phase

2 measurements as lirge as those exhibited by the frequency-

tcmaln systems.

Figures 8.19 through 8.38 are photographs and plots of :h=
received waveforms from each GPR systems with the antennas in
five different locations on the surface of the soil-model tank.
The antennas were centered above each pipe of interest and

poiarized in parallel with the pipe axis to maximize the signal
returns. The surface and target signal returns are identified.

The photographs are described briefly in the paragraph below.
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SURFACE AT 2.4 DIV FROM LEFT
1.31 DIA METAL PIPE AT 3.2 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.19: Phase 2 measurement. GAR short-pulse radar
received waveform showing the return from the
1.31 inch metal pipe at 7.8 inches.

1D9



SUTRFACE AT 1.0 DIV FROM LEFT
1.31 DIA METAL PIPE AT 2.2 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figu-re 8.20: Phase 2 measurement. GSST short-pulse radar
receiveC~ waveform showing the return from the
1.31 inch metal pipe at 7.8 inches. (4ns,'Div,
real timne)
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Figure 8.21: Phase 2 measurement. HP8510 swept-FM received
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metal pipe at 7.8 inches.
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Figure 8.22: Phase 2 measurement. HP8510 stepped-FM receive
waveform showing the return from the 1.31 inch
metal pipe at 7.8 inches.
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4 NS/DIV REAL-TIME

Figure 8.23: Phase 2 measurement. GAR short-pulse radar
received waveform showing the returns from the
1.25 inch diameter plastic pipe at 7.8 inches and
the metal plate at 21.6 inches.

113
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1.25 DIA PLASTIC PIPE AT 2.3 DIV FROM LEFT
METAL 'PLATE AT 4.4 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.24: Phase 2 measurement. GSSI short-pulse radar
received waveform showing the returns from the
1.25 inch diameter plastic pipe at 7.8 inches and
the metal plate at 21.6 inches.
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Figure 8.25: Phase 2 measurement. HP8510 swept-FM4 received
waveform showing the returns from the 1.25 inch
diameter plastic pipe at 7.8 inches and the meta
plate at 21.6 inches.
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Figre 8.26: Phase 2 measurement. HP8510 stepped-FM received
waveform showing the returns from the 1.25 inch
diameter plastic pipe at 7.8 inches and the metal
plate at 21.6 inches.
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SURFACE AT 2.5 DIV FROM LEFT
3.5 DIA METAL PIPE AT 4.9 DIV FROM LEFT
6.63 DIA METAL PIPE AT 7.4 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.27: Phase 2 measurement. GAR short-pulse radar
received waveform showing the return from the 3.5
inch diameter metal pipe at 18 inches.
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Figure 8.28: Phase 2 measurement. GSSI short-pulse radar
received waveform showing the return from the 3.5
inch diameter metal pipe at 18 inches.
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Figure 8.29: Phase 2 measurement. HP8510 swept-FM received
waveform showing the return from the 3.5 inch
diameter metal pipe at 18 inches.
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Figure 8.30: Phase 2 measurement. HP8510 stepped-FM received
waveform showing the return from the 3.5 inch
diameter metal pipe at 18 inches.
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SURFACE AT 2.5 DIV FROM LEFT
3.5 DIA PLASTIC PIPE AT 4.9 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.31: Phase 2 measurement. GAR short-pulse radar
received waveform showing the return from the n.;
inch diameter plastic pipe at 18 inches.
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SURFACE AT I DIV FROM LEFT
3.5 DIA PLASTIC PIPE AT 4 DIV FROM LEFT
4 NS/DLV REAL-TIME

Figure 8.32: Phase 2 measurement. GSSI short-pulse radar
received waveform showing the return from the3.
inch diameter plastic pipe at 18 inches.
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Figure 8.33: Phase 2 measurement. HP8510 swept-M received
waveform showing the return from the 3.5 inch
diameter plastic pipe at IS inches.
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FLgare 8.34: Phase 2 measurement. HP8510 stepped-FM receive
waveform showing the return from the 3.5 inch
diameter plastic pipe at 18 inches.
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SURFACE AT 2.5 DIV FROM LEFT
6.63 DIA METAL PIPE AT 7.3 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.35: Phase 2 measurement. GAR short-pulse radar
received waveform showing the return from the
6.63 inch diameter metal pipe at 36 inches.
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SURFACE AT 1.4 DIV FROM LEFT
6.63 DIA METAL PIPE AT 6.8 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.36: Phase 2 measurement. GSSI short-pulse radar
received waveform showing the return from the
6.63 inch diameter metal pipe at 36 inches.
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Figure 8.37: Phase 2 measurement. HP8510 swept-FM received
waveform showing the return from the 6.63 inch~
diameter metal pipe at 36 inches.

12



92 1 LINEAR
RE- 0.0 Unit
2 200.0 pLUnit3/
V 14.S-

S-tART 0.0 s
57P 40.0,.

MARKER 1 = SURFACE
MARKER 2 = 6.63 DIA METAL PIPE
201 POINTS STEPPED-FM
4 NS/DIV REAL-TIME

Figure 8.38: Phase 2 measurement. HP8510 stepped-FM received
waveform showing the return from the 6.63 inch
diameter metal pipe at 36 inches.

1'2



,n Figures 8.19 through 8.22, the antennas were placed
above the 1.31 inch metal pipe buried at a depth of 7.3 inches.

4-ures 8.23 th7 o ugh 8.26 are the returns from he 1.25 nc

diameter olast c pipe at a depth of 7.8 inches. he ret..rn
from the metal plate below the pipe at a depth of 21.6 inches
is also visible in these figures. Figures 8.27 through 8.73

show the received signals from the 3.5 inch diameter metal
buried at a depth of 18 inches. Figures 8.31 through 83 l> shc,.

.e received waveforms from the 3.5 inch plastic pipe buried -

'S inches. Finally, Figures 8.35 through 8.38 snow tne
received wavef-'orms from the 31R systems with t -.. .nas
..r. .. y above the 6.63 inch metal-. pipe buried at a deoth tf

inches.

8.3 FULL-SCALE GPR MEASUREMENTS WITH HP 8510

The full-scale GPR measurements were conducted with a
stepped-FM frequency-domain system as described in Section 7.
above. During a measurement the bistatic antenna system was
olaced directly above each pipe target and a plot of the

resultant received waveform was generated. For the case of -=h

two closely spaced copper pipes, the antenna system was
centered between them.

Figures 8.39 through 8.43 are the plots of the received
waveforms from the various pipe targets. Figure .39 is the

received waveform when the antenna was centered between the -'--

copper pipes, Figures 8.40 and 3.41 are the waveforms from =he
two-foot deep and four-foot deep plastic pipes respectively,

and Figures 3.42 and 8.43 are plots of the received waveforms
from the four-foot deep and six-foot deep metal pipes
-espectively. in each of the plots, marker number two is

placed on the signal return from the target.

:, Figure 8.39, marker number two is place on the o

igal re.turn from the two copper pipes. T7he two pipes were :1-
an equal distance from the antenna, and therefore the returns

are combined. .ovng the antenna away from the center pohnt

between the pipes revealed separate returns from each, tecause
the ranges to tne two pipes was different. Thus, the one-foot

spacing between the copper pipes was greater than the
resolution cell of the three-nanosecond pulse, enabling the
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Figure 8.39: Full-scale field measurement. HP8510 stepped-'
received waveform snowing the combined return
from two copper pipes spaced I foot apart and

buried 2 feet deep. The antenna is placed
between the pipes.
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Figure 8.40: Full-scale field measurement. HP8510 stepped-FM
received waveform showing the return from a 2
inch diameter plastic pipe buried 2 feet deep.
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Figure 8.41: Full-scale field measurement. HP8510 stepped-FM
received waveform showing the return from a 2
inch diameter plastic pipe buried 4 feet deep.
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Figure 8.42: Full-scale field measurement. HP8510 stepped-FM
received waveform showing the return from a 6
inch diameter metal pipe buried 4 feet deep.
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Figure 8.43: Full-scale field measurement. HP8510 stepped-FM
received waveform showing the return from a b
inch diameter metal pipe buried 6 feet deep.
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returns from the individual pipes to be distinguished when the

antenna was moved on the surface across the pipes.

Other qualitative observations demonstrated the dependence

of target signal strength on target radar cross section. The

amplitude of the return from the two-inch diameter plastic pipe

ouried at four feet was approximately one-third of the

amplitude of the return from the six-inch diameter metal pipe

buried at the same depth.

The frequency-domain GPR used in the full-scale

mz nre crnts was able to detect the ::ix-inch diameter :-.

pipe at a six-foot depth. However, it is doubtful that the

same pipe in a similar soil buried at ten feet could be
reliably detected. This is because the equations modelling the

metallic cylinder radar cross section (either Equation 4.2 or
1.4) combined with the Radar Range Equation, Equation 4A.1,

predicts that the target return signal power has a I/R 3

dependence as well as a loss term that is also exponentially

dependent on R. The 1/R 3 term alone predicts a received signal
power from a target at ten feet to be 21.61 of the power from

the same target at six feet. Since the attenuation

characteristics of the soil in the pipe test field were not

known and could not be measured for the entire field; the exac7
effects of the attenuation term could not be predicted.
However, the combination of the two terms mentioned above would

reduce the amplitude of the return from a six-inch diameter

pipe buried at ten feet to below the level of the clutter
present in the received signal.

The full-scale measurements using the stepped-FM

frequency-domain GPR system demonstrated its capability to
detect buried pipe targets. As expected, the qualitative

results illustrated the dependence of the target detectability

on its radar cross section and burial depth. The unknown
attenuation characteristics of the soil in the pipe test fiel

and the exact burial depths of the targets prevented a
correlation between the scale-model results of the Phase 1 and

Phase 2 measurements and the full-scale measurements.
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SECTION 9

SELECTION OF THE OPTIMUM GPR SOURCE SIGNAL BASED ON THE PHASE 1
AND PHASE 2 SOIL-MODEL TANK MEASUREMENTS

This section contains an evaluation of the results

obtained from the Phase 1 and Phase 2 measurements conducted

with the scale-model GPR systems. The effectiveness of the

scale-modeling procedure is examined as well. Finally, a

selection of the optimum GPR source signal ype is made, basea

on the results from the scale-model tests.

9.1 EVALUATION OF THE EFFECTIVENESS OF THE SCALE-MODEL TESTS

The scale-modeling technique used for this program to

evaluate the GPR systems had advantages and disadvantages.

However, CAR engineers feel that it provided good results

overall. It was effective enough to allow a confident choice

of the best of the four candidate GPR source signal types to be

made, based on an assumed set of design criteria.

The shale soil-model tank of the Phase 1 measurements
provided the most useful scale-model results. The loss

characteristic of the shale was high enough so that it scaled

to a more realistic full-scale environment than did the loss
characteristic of the schist clay. The loss characteristic Of
the shale in the soil-model tank was probably close to that of

the clay shale sample measured with the test cell. This can be
reasonably inferred since the experimental dielectric constant

measurements using the GPR systems produced a similar value to

that obtained from the test-cell measurements. Thus, a
realistic conversion of the Phase 1 model measurement resuls

to a full scale scenario could be done.

Several laboratory test-cell measurements were performed

on samples of the clay schist soil in order to correlate the

attenuation properties of the soil-model tank to those of the
laooratory measurements. One set of laboratory sample
measurements did produce results that corresponded well with

tne GPR dielectric constant measurement of the soil in the test
tank. Therefore, it was felt that the attenuation
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characteristic of the soil sample could be extrapolated to a

full-scale environment.

When comparing the attenuation properties of the schist

and the shale, it was felt that the shale provided a more
useful soil to be used as a scale model. Its higher
attenuation properties allow the modelling of full-scaled
systems with more realistic attenuation characterictics that
does the schist.

GAR engineers were not able to exactly determine the loss

vharazteri.tics of cither -f t sol-cdel tanks. This s

because the packing density of the soil throughout the model
tank could not be determined. Furthermore, we did not know ho
homogeneous the soil was in the tank, even though considerable
efforts were made to maintain homogeneity. The procedure of
testing a soil sample in a test cell with the network analyzer

could not replicate the exact packing density of the soil tank.

in one respect, the investigators were fortunate that the
relative dielectric constant of the schist was not as high as
the value measured in the test cell. The GPR measurements of
the relative dielectric constants of the schist soil-model -an.

and of the shale soil-model tank indicated that the dielectric
constants were very similar (12.94 for the schist and 11.63 for

the shale). This meant that the effective aperture and gain :'

the triangular-sheet dipole antenna were essentially the same
for both soil-model tanks. Thus, the radiation bandwidth of
the antenna was about the same for both tanks.

This observation is important because it allows a direct
evaluation of which GPR system uses the optimum bandwidth
shape, or equivalently, the optimum pulse shape. If the
antenna effective aperture and gain were very different from
the shale tank to tbe scbist tank, the antenna would radiate
over a different bandwidth in one tank than in the other. ....

would bias one pulse shape over the other, because the
different GPR pulse shapes concentrate RF energy in & f -

frequency bands.

Viewed from another perspective, this similarity between
the schist and shale dielectric constants allowed program
investigators to better isolate a single soil variable of

interest. This variable of interest is the soil attenuation
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which must be scaled by the scale factor in the scale-model

environment. The reader should recall that in contrast, the

dielectric constant is not scaled, but remains the same in the

full-scale scenario as in the scale-model environment. Since

the two soils differed in attenuation much more than in

dielectric constant, one can safely assume that many of the

differences between the Phase I and Phase II results are due

virtually exclusively to this attenuation difference.

Even though there was some uncertainty associated with the
sil narameters in the schist soil-model tank, the Phase 2

measurements were quite valuable in determining an optimum CPR

source signal type. Those measurements revealed that the

effects on the response of the frequency-domain systems when

moving from a high-loss to a lower-loss environment were much
more dramatic than the same effects on the GAR short-pulse
radar. This was true, to a lesser degree, of the GSSI short-

pulse radar with respect to the GAR radar. The implication is

that the pulse shape of the GAR short-pulse radar had an RF
bandwidth that is less sensitive to the specific scil
environment and thus is perhaps better suited for deep ground
penetration in varying environments than the pulse shape

synthesized by the HP 8510-based systems or the pulse of the

GSSI radar.

The ability to make this comparison is precisely why the
pulse widths of the GAR radar and the two frequency-domain

systems were chosen to be the same. Recall that an absolute
evaluation and comparison of the GSSI measurement results with
chose of the other radars is not possible because the GSSI unit
had a different antenna system and a pulse width that was no:

exactly known.

The RF bandwidth of the monocycle pulse of the GAR radar

provided a better match to the attenuation characteristics of

nne soil than did the bandwidth of the network analyzer pulse
or chat of the OSS! stort-pulse. The RF bandwidth of the other

pulses had more high-frequency content than the GAR monocycle.
Thus, a greater percentage of the energy in the bandwidth of

the HP 8510 pulse was attenuated in the soil than with the CAR

monocycle.
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9.2 DETERMINATION OF THE OPTIMUM GPR SOURCE SIGNAL

The selection of an optimum GPR system is not a simple
task. Some of the considerations involved in the choice 'were
discussed earlier in this report. However, different RF
bandwidths will be required for different applications. A GP.
designed for deep-penetration must radiate low RF frequencies
to avoid the drastic attenuation characteristics of the soil a-
higher frequencies. Conversely, a high-resolution GPR must us
a wider bandwidth than the deep-penetrating GPR system.
Therefore, the optimum GPR must have selectable R bandwidths
to provide the best performance in varying soil environments.
3ased on the nr-ceding analysis and the results from this
measurement program. a selection of an optimum GPR system can
be made as follows.

9.2.1 EVALUATION OF = GPR SYSTEMS TESTED

When deep penetration is the goal, the best RF bandwidth
shape for a GPR will concentrate most of the RF energy into -h

passband of the antenna and the soil. Of the GPR systems
tested, the monocycle pulse shape, and its associated RF
bandwidth, appeared to offer significant advantages in this
case. On the other hand, if high resolution is the goal, then
a bandwidth shape with relatively higher frequency content wil
be preferable.

Ideally, one would want a GPR system with a selecable
bandwidth shape, a shape that accentuates the lower-frequency
components for deeper penetration applications, and the h' her
frequency components for higher resolution applications. zac.
selectable bandwidth shape could be different altoe2ther, or
the overall bandwidth shape (amplitudes and phases of the
frequency componentS) could be the same for all of the
different selectable bandwidths, -with only the center fre._cu..en:
adjusted from case to case.

This selectable bandwidth capability is effectively
provided by the HP 8510 in terms of its selectable frequency-
domain weighting functions (see Section 6.3.1.2.1). In
contrast, incorporation of such a feature in time-domain
systems such as the GAR and GSSI GPRs would be difficult. h
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ease with which this feature can be incorporated into a
frequency-domain GPR is certainly a major factor favoring
selection of such a unit as the best GPR system for location of'
underground utilities.

The clutter performance of the GPR system is also an
extremely important factor. As illustrated in Table 8.1, the
frequency-domain GPR syszems, based on the HP 8510, were found
to have better clutter performance than the pulsed GPR systems.
This was partially due to the additional clutter associated
with the coupling of high-frequency noise from the shorn-pulse
transmitters into the receiver through the power supplies ant
ground planes. The CW transmitter of the HP 8510 does no:
generate these transients that produce that type of clutter
problem. Also, one has difficulty in building short-pulse
transmitters that have 50 ohm output impedances. Such output
impedances are required to terminate any undesired reflections
that travel back toward the transmitter from discontinuities or
mismatches in the RF transmission system.

Higher average power levels can be generated more easily
with the FM-CW GPR slatems than with the short-pulse systems.
This is due to the fundamental problems associated with
generating narrow, high amplitude pulses. Also, low-PRF pulsed
radars must generate a higher amplitude transmitter pulse than
a high-PRF pulsed radar in order to achieve the same average
power level. As an example, a 20-watt peak pulse with a five
percent duty cycle produces one watt of average power. One-
watt RF amplifiers are easier to obtain and less costly than
20-watt RF amplifiers.

The GPR dynamic range is another important consideration.
The frequency-domain GPR systems tested had better dynamic
range characteristics than the short-pulse radars. Baseband
short-pulse radars inevitably use broadband samplers on the
receiver front end. The samplers are noisy and have high noise
figures. The frequency-domain CPR systems can avoid the use of
broadwand samplers on the receiver front end, usually resulting
in a lower receiver noise figure.

The complexity of the frequency-domain GPR system based on
the network analyzer is much greater than that of the short-
pulse radar systems. This is true of almost any frequency-
lomain radar, even if i: is not based on the HP 8510. A tru!7

140



high-performance frequency-domain radar must use a synthesizet
frequency source and a means of frequency control.

Furthermore, the RF circuitry of the frequency-domain GPR is
more complex. Also, significant signal processing is usually

required with the frequency-domain GPR in order to obtain

easily interpreted output information. In contrast, the shori-

pulse radars produce easily recorded time-domain output data
chat can be immediately interpreted to some degree without

requiring further processing. However, to achieve optimum

performance, signal processing must also be applied to the

shoro-pulse radar output.

2ne time-domain GPR electronic equipment is smaller and

lighter than its frequency-domain counterpart. Even though
high-power pulsers for short-pulse radar systems require large.
power supplies than the lower-powered frequency-domain-based

radars, the frequency-domain systems are still larger and

heavier.

The short-pulse radar systems are usually built to be
qui t e rugged. The HP 8510, however, could not be exposed tc

the same treatment that some GPR systems receive in field use.
Cf course, a rugged high-performance frequency domain GPR can
be built. However, a large, complex, frequency-domain radar

may still exhibit less field reliability than comparable shori-
pulse radar systems.

Reliability is often a function of the system complexity.
Large numbers of components within a system usually implies a
lower mean time before failure than for a system containing

fewer components. To minimize reliability problems witn a
frequency-domain GPR system, the more complex subsystems, such
as digital signal processing components and vibration-sensimi',
components, may be permanently located in a vehicle in order c
minimize handling by field technicians performing the GPR

measurements. Additional reliability considerations would
include the specification of environmentally rugged ccmonens

For a more complex GPR such as a frequency-domain radar systet

selection of rugged components may be difficult and expensive.

Another factor affecting the choice of a GPR technology i
system cost. The frequency-domain systems are usually far mcr-
expensve than the short-pulse radars. if FFT and frequency-

domain signal processing capabilities are added to short-cus
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radars such as those tested, their costs will increase, but

-hey will probably stil be significantly less expensive zhan a

high-performance frequency-domain GPR system.

9.2.2 SELECTION OF THE OPTIMUM GPR SYSTEM

The following general specifications are requirements for

a high performance GPR system designed to meet the goals of

deep penetration and high resolution. The specifications can

-e acplied to any GPR technology: frequency-domain, or :ice-

oomain.

The GPR system for utility location must be designed to

operate with several RF bandwidths. Three nominal RF banawitn

ranges are recommended: one for deep penetration and lowF,

resolution, one for medium penetration and medium resolution,

and one for shallow penetration an'd high resolution. The

suggested bandwidths given below are meant as guidelines.

We recommend that for deep-penetrating, lower-resolution

applications, the RF bandwidth should be confined to a range

of 50 MHz to 200 MHz. For medium-resolution, medium-

penetration applications, a bandwidth of 200 MHz to 600 MHz

should be used. For high resolution, a bandwidth of 500 MHz to
1500 MHz is suggested. These RF bandwidths correspond to

aoproximate pulse widths of 6.7 ns, 2.5 ns, and 1 ns,
respectively.

A multiple-bandwidth GPR system will probably require a

separate antenna system for each bandwidth. Nevertheless, for

caximum performance, the GPR system should use a bistatic

antenna configuration. This may present a problem at low RF
frequencies because each of the antennas might be quite large.

n such a case, a mono:tatic GPR design can be used, but

-erf:rmance will probably not be as good ai with a bistatiC

9.3 THE NLUIMU2M PERFORMIANCE GPR

-ase, on hi's program, GAR engineers concluded that a
r-euen:7-,2maCn GPR based on a stepped-freuency design
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provides the highest performance capabilities. Such a system

can be built to meet the dynamic range, sensitivity, average

transmitter power, and RF bandwidth shape and flexibility

requirements for high-performance GPR applications more realfl
than its pulsed, time-domain counterpart. Furthermore, a

stepped-FM GPR utilizing a synthesized frequency source

potentially offers superior performance over the swept-FM

system due to reduced phase noise effects and frequency

inaccuracies (see Section 6.3.1.3). However, a swept-FM GPP

can offer significant improvements in measurement speed sver

the stepped-FM CPR.

The RF bandwidth shape of the OPR should be consistent
with that of a monocycle pulse, or a similar shape, in order-

match the antenna radiation capabilities and the soil
attenuation characteristics. Such a bandwidth shape can be

achieved by modulating the individual transmitted RF
frequencies, or it can be achieved by weighting the received

frequency components. In general, weighting the received

signals is the simplest technique.

One method of implementing a stepped-FM GPR would be no

radiate each individual RF frequency, while keeping the

receiver Luned to that frequency for a time equal to at least
the duration of the transmitted RF pulse plus the maximum rane
time. Then the transmitter and receiver are stepped to the
next frequency, repeating the procedure until all of the
frequencies have been radiated and received. After processln:
the received data from these individual frequencies, the

measurement is complete. The cycle is repeated again for the

next measurement.

An important performance goal in a stepped-FM system is

raciate the individual RF frequency components with very pure
speotral contents. -A pure spectral content is impossible to

achieve, however, because the individual transmitted AF
frequencies must be turned on and off, or modulated, fo m
fixed time duration. The shape of the pulse used to mcdulaze
the RF frequency is typically rectangular. Thus, each of the

RF frequencies acts as a "carrier" frequency for the mcdulaic'-

pulse. To approximate the spectrum of a CW RF frequency, tne

modulation pulse must be infinituly long in duration, which is

clearly impossible in a realizable system. Progressively
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shorter modulation pulses broaden the spectrum of the
individual RF frequency components.

On the other hand, the design engineer wishes to make the
modulation pulse narrow because this decreases the time that
the GPR must dwell on each frequency. Conversely, increased
modulated pulse widths decrease the harmonic content of the
individually transmitted RF components. A compromise must be
reached between the modulating pulse width, the processing
:echniques to be applied to the received waveforms, and the
fesired measurement speed.

Recall that the unambiguous range specification of the
stepped-FM GPR determines the frequency difference between the
individual RF frequencies that must be used to reconstruct a
simulated pulse. The specification of the overall RF bandwidth
and the frequency component spacing determines the number of
frequency components required to span the bandwidth. Thus,
operating at the minimum possible unambiguous range permits the
use of fewer frequency components, which reduces the GPR system
complexity. An added benefit of the reduced number of radiated
frequency components is a potential increase in measurement, or
scan, speed. On the other hand, a reduction in the minimum
unambiguous range of the CPR reduces the maximum depth which
can be "seen" by the radar. Thus, a trade-off exists here as
well.

Some level of signal processing capability is clearly
required for the stepped-FM radar system. A minimum
requirement is to provide frequency bandwidth control, both for
weighting functions to reduce the synthesized pulse sidelobe
levels, and for RF bandwidth selection for different
penetration or resolution applications. Additional signal
processing algorithms should include FFT and inverse-FFT
software to allow advanced processing techniques to be applied
to the received GPR waveforms. The CPR should have the
wapatiity of waveform averaging to reduce noise effects. 7he
averaging, of course, would impact the OPR measurement speed.
Aiso, it may be desirable to provide a means of calibration to
remove undesired effects of cables and connectors, simliar to
tne calibration capabilities of the HP 8510.

The CPR will require measurement data rates, or "scan"
rates of at least 10 Hz, and should probably include the



capability of a 50 Hz scan rate. These data scan rates will
a challenge for a synthesized, stepped-FM design to accomplisn.
due to the synthesizer switching speed limitations. However a
swept-FM, or a stepped-FM system that does not phase lock to
the individual frequency components as it switches, can opera--
at even higher measurement speeds.

The design and construction of the GPR receiver and
transmitter circuits must be done with great care to maximize
the signal-to-clutter and signal-to-noise performance. The
n.mber of RF -_?nn e ctors 4n critical transmission "re s shuoI
:e miniml e to avoid parasitic reflections. All P3 -cmcnen-
should provide good impedanc: matches to the transmission
lines, or they will also produce reflections at their input an
output ports nat will contribute to the internal system
clutter.

The selection of the transmitter power level is dependen-
on safety requirements, electromagnetic interference
regulations, the depth penetration specification, and tne .-
candwidth o: the GPR. Safety regulations and EM requirements
provide the upper limit on transmitter power. Given this
constraint, the. GPR transmitter should operate with a power
level that is high enough to produce a recognizable target
sigral level at the receiver from a specified target geometry,
at a specified burial depth, with a specified soil attenuati - -

Higher transm!t-ter powers will act to increase the target
signal dynamic range above the receiver noise floor, assuming
that the receiver does not compress the high level returns.
owever, recall that a GPR system is often clutter-limited,

-.here-ore increasing the transmitter power may be ineffeCtiv'e
4n helping to detect low-amplitude targets.

The RF receiver should be designed to have a low noise
f:gure. This will probably require a low-noise amplifier on
:he receiver front end. Such an amolifier will reduce the
erfots of a no-sy mixer or sampler following it in thre
signa pat-. may also help to increase the receiver
sensltivity. Although it is simple, and can provide high
performance in some respects, using a sampler on the receiver
front end should be avoided due to its noise cerformance and
-.mted dynamic range capability.
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The receiver must utilize I and Q (in-phase and
quadrature-phase) detection to provide a vector representation
of the received waveform so that proper phase relationships

between the RF frequency components can be maintained. This is

a stringent requirement, because phase and amplitude
distortions, esDecially if only a few RF frequency components

are used, will result in errors when reconstructing the pulse.
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APPENDIX A

~Measured Electromagnetic Properties of Various Soil Ty-,es
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GEORGIA RED CLAY

A large sample of Georgia red clay (Cobb County, GA) was baked to remove

the natural water. Six smaller samples were prepared from the dry clay and deionized

distilled water with approximately the following water contents (percent water by dry

weight) 0, 2, 5, 10, 20 and 30%. The measured values of percent water by weight.

percent water by dry weight, and density are in Table 2.

The measured electrical parameters E r, er , or. and a are presented as a

function of frequency, 50 MHz < f < 1.25 GHz, in the two attached figures. The data

for the six samples are plotted on the same graphs to show the effects of the water

content. These graphs clearly demonstrate the increases in the dielectric constant E.

and effective conductivity ce that occur with increasing water content. The

attenuations for these samples are in most cases much smaller than those for ',he

Japanese soils.



RED CLAY

(Cobb County, GA)

NUMBER PERCENT WATER PERCENT WATER DENSITY
BY WEIGHT BY DRY WATER 1m, c IM.3

2.0 2.0

4.6 4.8

8.7 9.6 1.66

5 15.9 18.9 1.72

6 22.3 28.7
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RED CLAY -COBB CO., GA.
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SAND/WATER MEASUREMENTS

The electrical parameters of five sand/water mixtures were measured, and the
results are recorded in the accompanying graphs. The parameters were measured over
the frequency range 50 NlHz < f < 3 GHz.

The "dry" sand was mixed with distilled water to obtain various percentages of
water by weight. The highest water content was obtained by completely saturating 'he
sand. The parameters for the mixtures are given in the accompanying table.

Note that there are ripples on the data for the higher water content mixtures.

The ripples are the result of nonuniform packing of the sand in the measurement cell.



SAND-WATER MIXTURES

Percent Water

Sample Percent Water by dry Density Nominal

No. by Weight Weight gm/cm3  Er_

I -- 1.37 2.3

(Dry)

2 9.1 10.0 1.38 5

3 11.7 13.2 1.52 10

4 16.7 20.0 1.57 14

5 21.3 27.1 1.92 26

(Saturated)
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JAPANESE SOILS

Samples from each of the seven Japanese soils were oven dried and used

to determine the water content. The results of these measurements (percent

water by weight, percent water by dry weight, and density) are summarized in

Table 1.

A brief physical description of each sample follows:

Sample 1: redish brown, soil plus clay, fine particles.

Sample 2: dark brown to black, sandy soil.

Sample 3: dark can to gray, dry soil, several small rocks in sample.

Sample 4: mostly large soft rocks, some dark can soil.

Sample 5: dark tan to black, coarse sandy soil.

Sample 6: dark gray clay, very cohesive, very fine particles, very

homogenous.

Sample 7: black clay with some sand and rocks, very cohesive.

The complex relative permittivity E = ' jE " was measured for eachr r r

sample, and the effective conductivity T, and attenuation constant a (dB/r)

were computed from c r The results are presented as a function of frequenc',

50 MHz Z f -4 1.25 GHz, in the attached graphs.

The average dielectric constants (real part of the re!ative Permitvt:i-,

) are graphed as a function of the water content of the samples below.

\-I



JAPANESE SOILS

NUMBER PERCENT WATER PERCENT WATER DENSiTY:"
BY WEIGHT BY DRY WEIGHT gm/c-m-

1 48 91 1.32

2 16 19 1.83

3 19 23 1.69

4 26 35 1.68

5 11 13 1.86

40 66 1.53

7 20 25 1.5q6

-11
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APPENDIX B

Measured Electrcmagnetic Properties o--" the Clay Siha'e anJ

Clay Schist Used in the Soil Model Pit,



BICKERSTAFF CLAY MEASUREMENTS

The electrical parameters of two types of clay obtained from the Bickerstaff
Brick Co. were measured, and the results are recorded in the accompanying graphs.
The parameters were measured over the frequency range of 0 - 2.0 GHz. The first
,wo sets of clay samples were taken at Bickerstaff and included a sample of clay
sc.,st and a sample of clay shale.

The first two sets of samples had the following properties:

Density Percent Water to Dry Weight

Schist 1.88 gm/ml 21

Shale 1.92 gm/ml 14

Two additional sets of solid electric property measurements were made using a
sample of schast from the test .tank. The two sets of measurements were performe'
with different packing densities of the samples in the test cell. These measuremenit
results appear beginning on pages B-9.
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APPENDIX C

HP8510 Network Analyzer System Overview - Excerp: from -he

HP8510 Manual

Copy available to DTIC doi r).-,;
permit fully legible reproduction
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111 85~ $1) >.et'morI A\iias iCr ()p)Cra.ting and P'ro.raI ifg

I N R () )I t'( TI 0 N

I hec I llP 85 1) nol\ ok o,u mv sys tumi sA a" u *niccd and sophisicaied iieasur-
ill, iist runnelt Jc'dil k ito d\ ma cIOd lie-oa~ mcstirceit s of anyi kinds. But
thc b~asic principles or it% opwratioIni re Myarl sittiple Ihe in~ormation in this pal-
or tie 1113 8510 systemt mtanutal IN dQ1Cstnd to hel p \'Oul 'let the Most ram vO ur
1-11 8 5 10 sv'~teni by Csplainiig some o)I tic basic piciiples of its operation and
the equinpmient that should Ilk LIsed \itli it. .Ae t id mieasur~emients ,re described in
dic viW~ N1 eti ~f thl di 1Iditlid . a~s ina Inlt odunt ry NIeasurenient Seq uence.

Iniilie preen sect ion. Wc HIP 851I0 net work a nalyzver ss'steni is descri1bed and 2l
pc mlcaLsrefricri IN C\plaiiict it Itimi or di svsteiii block dinanfl. DigiE2[

nero oees Ori l te data. WHuacs cmptible w\ith LhQ HP 8510 s'se 11Can
We lIP 510 sym mii rs scisa ic aIo decribed uing, block diaggrans.

[-Ki ieinel v ace uj!C ic and eoitplc\ m easuremtent.s a a possible with t he HP 85 1Q
55 stein, anld for this reCasoit ac(cssorieS Such as, cables. at tenuLa tors. eXtension lines.
ad PICa-s. a aid Cal ibrat ion anid Veril'iCation kits are tinutsua lly iniporta nt Acc es-
sories "Ich should lhe used with We 11" P85 10 system iare listed and discussed
aler the systenii iA sources, and its test sets. have been described.

CCP- cj- . , . -. IC doe~.
pofl.4 iit fully lt.-gibl rc~pioduction
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IUIP 8 510 Netwiork A il zer Operating and Programming

BASIC PRINCIPLES

vector netwvork analyzers ich as thle HP 8510 network analyzer system measureC
thle mlagitulde and Phase characteristics of linear networks such as fI'lters, am-
plifiers. attenuators. and anteninas. As with all network analyzers. tvwo kinds of
mleaIsurIemlents ar'e Made: reflectionl measurements anld transissionl mleasuremlenits.

An icidnt sgna geeratd b anRF sourIce is compared with the signal trans-
niuted through thle device or, reflected from its input.

T RA NSNI ISS ION REFLECTION

.:NCrEN 7 i 74LM NCT -EST

Transmission measurements are made by comparing the transmitted signal to the
incident signal. This results in mleaIsuremenlCt data on transmission cha racteristics
of' thle network SuCh1 aS:

insert ion Loss or Ga nl.
Tra nsmission Coeffilcienlt.
Electrical Delay,.

from which Electricaf Length can be obtained,
Deviation from Linear Phase,
Group Delay.

Ref'lection1 mlea"surWemlents a1ie mande by comparing thle rei'lected signal to thle inci-
denit signa,-l. This r'esults InI IleaSur1elent data onl reflect ion characteristics of' tile
de\ ice such aS:

Return Loss.
Standing %Vave Ratio (SW R),
Ref'lection Coef'1 ce1:.
lImpedanlce.

\la t heiatica1 I aal1\ ss of* Ia nSmnSsion antd rei'lection data on thle swvept response
of* thle ilet work aliso I tinkes 1( nssible to detcilmf tilie Posit ion anid v1i znliud e of'

:peda nce chame Ii 5 it h iepec! to aI ri' erence pinane. Th is a inak sis. c ldmle
dunn,'ff 1in k In I s.idoesi iirTiisr picples and is pussibie on H P

0s1 net %w ork an111ilx:1 zrs tesCquitpped withi time domain Option 010.
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Opera till g Hiid1 or i u glP 8 5 1 0 Net work Analyzer

H11 8510 NETN" ORK ANALY ZER SYSTENI

i'lle 1-I [) 85 10 netw\ork anlaly zel \Steni haJS four1 eSSetll,1 parts:

a sour1ce.
a test set.

a signal detector and a na log-to-diguca converter, and
a digital iicroprocessor and display.

Tile sour1ce pro~icdes tile RF signal. Tile test set separates this signa! into an Inci-
denit S121nal sent to tile device-under-test and a reference signal against which thie
transmitted and reflected signals are later corrpared. It also receives transmitted
and 1reflecled signal1s from11 the dev ice-uinder-test. Thle signail detector and analogy-
to-digital converter takes all ot' these signals and con\ erts them to digital informa-
tiori for high-speed processing. The digital microprocessor controls thle systemi.
analyzes thle digitized signals. corrects errors. and displays the results in a variety
of, form1a ts.

In the HP 8510 network analyzer system, these essential parts are individual HP
HIStin m~lelI ntscon IICg red togethier make up thie lip 8510 system:

H-IP US4\-series s% mthesized sweeper.
or,
H-11 83'5\-se'iics sweCep oscillator With anl appropriate

HP 835 xx-serics p)lug-in.

HP S51 I -series test set:

H-1P 85 10A IF detector:

H P 35101A- display processor.

-\ddiiona i s- st emn cc nponents can include ha rdcopv ou~tput devices SticII as a
printer ind or- a plotter, and ain HP series :00 computer servingy as an external
conitroller for prog.rammiied operation.
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III 85 I(I) NctmwuiI \11:1I1 zer Opcraiting ond I'rogroiuming

HP 85101A
DI SPLAY/PROCESSOR

HP8.34X-SER IES

-SYNTHESIZED SWEEPER

HP 85102A
I F DETECTORac90w

I ~ ~OR
c z: C2 c cc

-"Iw -I=SWEEP OSCILLATOR

HP 851XA-SERIESW/RPLGI
TEST SET

__ _ _ _ _ _ _ _ c oo0
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OIeradiriL, and~ l'rot~r.1111111iig HPj 85 10 Netisrk A-nalyzer

11' 1[~ 13 1. D 1A (,fA -N

\ Implitf;C ');cck digramil' tile 1-11) 8510 nletwork analyzer s,..stein is shiow.n In

A% I"Z1V (lieSshws.te H P 8510 network analyzer Is a high perf'oriiance -vtector
r'CCCI\C c iL wit :'Piipts. IWO indtipendent mieasurement channels, and an Internal
llICrOCoi1pt'C! ',o 'autom11ate IlleasIreinent and data processing operations. A

sOecial S Stetl OInuS provides f'ast digital comulinication between the instruments
hIat ma, ke Lit ?!e Oytil llowing thle net work a na I v'zer to miake ftI II Use of thle

S01.iice a ul oct set capabilities. This interf'ace also provides direct data transfer
:0 L!"C imi uccp. device for neat. permanent records of' the ileastirement display:.

Dt rnm i a 'm; oI neaSItiement wvith the sonrce oper ating in the ramp swee p
nlode, the souce is swvept from1 thet lowver to thle higher measurement Frequ~enlcy in
a hinca r ramlp. Signal Sepa ration components in the test set a pplv a portion of' the
incident slignal ind thle responses from thle device tinder test to thle fir-st frequency
converlsionl SM

Diziral communi~ication between the receiver and the test set pretunes the 65 to
\'0lHz \otiz e-mned local oscillator (VTO) so that one of' its harmonics mixes

w [ih [Ihe stililt'IuS to pr-oduce a first IF freqlucncy close to 20 . Hz. Fine tuning IS
accorriphlicd >) com paring thle IF frequency with thle Internal 20 \MHz cry;stal
ret erence an(.i vveeping thle local oscillator- to track thle sciniulus frecluenc,'.

%\le lie 'oc.. I oscillator reachecs its tipper' trIetiuency limlit, the sweep is Stopped.
thle local oscililator Is rettined, phase lock is reestablished, and the sweep Is coil-
mtinied. Since the first local oscillator frequcitlCy is Selected algorithmnically from
thle knLownNI stIIIuIluS treilency. thle mleastirement IS fre-e from11 harnloric skip.

Thie Second 1:2equencY conversion produtces an IF frequency of' 100 kHz for
a litcit ion Wo hIe d.etect ion and data processing elements of' thle receiver. Be-
cause thle treuui~encv conver-sions are phase coherent antd tile IF signat paths are
carllyI match Ied. imagnittide and phase relationships bietween thie Input signals
a1re Ilil[1intaied '11hr1 lotiIhotile frequcy1C conIversion and detection Steps. Auto-

matic full.11uiibrated aItoran-ing IF gain steps maintain thle IF signal at opti-
MmII tin eeIs t'0 detect iOn 0% er a 'Iv Wide dvilna m ic ia nge.
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Oprating and Programming HP 85 10 Netiork Anal% zer

POST-DETECTION DIGITAL SIGNAL PROCESSING

Post-detection digital signal processing (Figure 4) proceeds under control of tile
CPL, a microprocessor equipped with 256 kBytes of RAM, 256 kBytes of mag-
netic bubble memory. and 26 kBytes of RONI.

The CPU takes advantage of multi-tasking softwrare architecture and several
distributed processors to provide a very fast display update rate. It accepts the
digitized real and imaginary data and corrects gain and quadrature errors before
the reference and test pairs are ratioed and stored in the raw data array. If
,averaging is on, the incoming data is averaged with the existing data as it is
stored.

While the data acquisition software is continually filling the raw data array, the
data processing sol'tare is processing the data for the two independent display
channels.

If error correction is turned on. tile raw data and error coefficients from the
selected calibration coefficient set are used in ,appropriate computations by a
dedicated vector math processor. Next. phase offsets commanded by the electri-
cal delay and reference plane e,.tnr-sion are added to the data. If a time domain
presentation is selected, the corrected data is converted from the frequency do-
;main to the time domain using the inverse Fourier Chirp Z transform technique
and stored into the corrected data arrays.

TLhe tnieior %, airavs arc filled from the cor-ected data arrav tnder control of the
,Iscr with trace data l'0r use in vector computations with the current. corrected
data. If trace math is selected, vector multiplication. division, addition. or subtrac-
'on is performed. The resulting data are formatted according to the FORMAT
,,eection. point-to-point smoothing is applied, if selected, and stored into the for-
matted data arrays. The traces are now scaled, and output to the display memo-

v ,here the tace data is combined with various CRT annotation data. A dedi-
cated display processor asynchronously converts the formatted data and annota-
Lions for display at a flicker-free rate on the vector-writing CRT.

W\"hen the operating system detects a front panel button push, it executes the com-
mand immediately (as when a parameter change is made). or it makes the se-
lected function the active function and awaits input from the knob, numeric pad.
or STEP keys (as when there is a scale,'division change). or it presents a softkey
ment,. Selecting some functions aborts the data processing operation. For exam-
pie. MIEASUREIENT RESTART restarts all measurement related functions to
the beginning of the data acquisition group (a group is that number of sweeps
nleeded to make the measurement completely: how may sweeps are taken thus
depends on the meiasurcment); PRESET initializes the system to a pre-defined
state.

i0 General In norinlatiO i
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)Oeratillg ;111(1 l'rogra IIIIII iiig I 111 85 10 Net 1%ork Ana I.% ier

SOL RCES

't:e R F source In II 11 8510 net work analyvzer system call be either an I-I P
834\sc~ls 5\ tlesized sweper- oi II P 83:1\-Series Sweep oscillator w.ith an1 I-I P
8 ~ \srsplugp--in ([irzg"Iues 5 1111 6). thlese Sources have thle Correct analog

inlerT ace Signals m id lull1 Coil) pli I' ilit y' with ile digit al 85 10 System Bus. It' an
[-if" 815\-ser'ieS Swe~ep oscilliator' is LISCd. bo01h thle sWeep oscillator and the p)lug-in1
1111\ v need to be -etrofittedCL WithI certain Ia ter- revisions of' the f'irm wa ic to be

co:7a~lewith tile 1-11-1 8510 s' e.Consult yomr Heiwlett-Packard representa-
wi~e it you need mlore IIIfIoinatI~ 111iolo coluiibiilit y (lesiins.

The 8510 system bus allows the niiwork a na lyzer to act as thle systemn controller
by ma natuing the source uising sti udaid I-1 P-l13 p~rotocol. Capabilities added by
thie system buJs incIlude alternateII sweep, inl Which aI dil'[erenlt frqec9- g
ma iv be selected f'or each tica st IICL i nChIMeIC. a iid control 01' nlecessaI rv sonrce
h'intions tusing hie 1-I1 P 51I0 'ront painel controls.

130111 tPes of' Sources Call operaIi ~cin the Ramip Sweep mode, in which the net-
work analyzer directs thle SOur-CQ tO Sweep inl ft hlear ramlp over thle selected
Crkq a cc'.: range. 1-IP 8134\-serie" n lstrt'Lilents provide better pert ormance inl this

Ramup S\\ cep 11ode thand I-I P -11)eie inullSIInt1S. because of' thle 'Lock-
a n1I- Roll" '' l [muII(II iiWmchni i sd i mlie HIP U 4\ series. Inl this " Lock a nd Roll"
tech n11ique. theC firt frequcyIIIC 01 1:c %\\I P, iSset With synthIesizer' aCCuraC\ and a.

lin 1110g r n wle~ \cip proccedS to c5C1f0tin~ For sweep wvidthis less Waizn 5
\I l1Z. fhilly loci\ed it hes11CIzei pe o1iiin e is ohm medCL over the complete swveep.

I(iiIuIieit Inlli I1 P11 S.15 s\ !k c c'pii-10oop YICG-(tmIIed sourIces.

The H-IP 83, 40 A cai ii alo olcie' Ml inIlie Step S\\ce CC)mode. Inl this mlode. svn-
thesizer-class frequenLcyl\ iicctii;ic, id repeamabili '1 i obtained by phase-locking

ieL Sourtce at1 eaIch ol ti1e tip) to -'I)l f'ciiic v steps over lie selected fr1C~equecV
ian'1e. Thisode providesc thehics 11*icc:\ l l 111OWigll at aI reduced ItIIUstI re-

ifMCM pei

12 (weniC,ii Iliuiim11,ttiiuit
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(ipetracing a 11d lProgra11iing 111I' 8510( Netiwrk Anazulyzer-

TLST s ETS

Thuc 1-11" 85 -;kserics lest sets IIn [le 1-11 I' 510 net wrk analyzer system have thrte
nan tand tons. The\ provide:

(lie input1 output pots to connect the device-under-test;

ainal separation to separate the ref erence ind test signals;

and RIF to 20 N'lfAz conversionl.

Th -11 P- 1 1 A- 'IreCeCvLC~C converter dilfIers slightuly in that it does othvsIz-

!W1l separation101 de';ices. (1 us allowing cutstomn conf igutrat(ions.) The Cretl ac . coil-
\erter' i ILllv tnte~lraled Into (Ie signal separation path to provide optinium per-

totimance. Takinga the test-to-reference-signal ratio in S-parameter test sets after
electronic swvitching eliminates signalI pa th1 selection repeantbility errors.
Parameter selection is controlled Crom the ntwork analyzer front panel.

TL117' 1. H P 35 Ix-S('ri(' Tcu t Sets

Te-, Set M.odel Test: itput Port Frequency
Number. TN pe Coninector Rainge

HP 851 1 A Frequenicy 3.5mmn UI) 0.045 - 26.5 G0Hz
coil\ kerier

1-IP 85SI"A Reflection, 7mm1 0.500 - 18.0 G Hz
Tra nsmssion

HFP 851 ',A Reflection, 3.5mm (mi) 0.045 - 26.5 GHz
Tra nstission

HP 851-A S-Parameter 11mm1 0.500 - 18.0 GHz

HP 8515SA S-PaIramleter 3.5imm (in) 0.045 - 2 6. 5 GHz

NOTE - lAP S5 12 a nd H P 85 14 test Sets ar-e uIsable to 0.045
0jHz. although widh degraded perf'ormance speci fica tions.

4 (~cnt Inin C-1t3



I IPI 85 I10 Noomork .\naI /er. oper.a1iIg :iitd I'rograinmii11ig

RCIC~t~l1IrI1.Ii~%~iiiI es( Set>. ifie 11) 851I2A anId 1-11' S53A reflection /

I I'l 1ilnissioll it:"i >ets ( Fi[± i-c 7) pco,,idc aiiiuc'2c~~ fS 1 1Or S-, Fll>'
Q1101. rcor.IeCLicd Ii ica yarl:ilents for onle-port Lcx Ccc caS11 [ib ai sn Tie i -Port

ca Iibra tonl proced u ic. Th le coil iveprclinst x C Oiic- Pail 2-1 ort calilbra ionl procedu i1e
proy ide> (fill error cor-cetoil Cor two-port d1cviccs Wf the d.c\ ce-imjdei.-(eSt IS
miiuaiI \ rex'erscd. Thie 1-11'1 8512 A t est set inutst use ai 20 dD1 aittentmttar at the
device end of' the IranIsInissionl return calel: the lHP 851 3A test set muist Ilse l 10
(10 attenuator at thie devIce en1d Of' the ra'ItSnli-i~I reUrn cable.

--------------- - - ------ - - -- -- -- -- -- - - - 20 H

IEXTrENSION 8 l~~
Ij~I - .ERNCE

-ldR(FA IN
damB(~iA S.CS 85'3ST

.2!80mfi(85*2A

PAO -!7d', "(3513A

-~L L...iL~,. CEICE PA -oia'&
IEXTENSION A pCRTI TEi "PORT 2

20da85,B2A1
D Oa 1I HARMONIC

, a IGENdERATCA
8!.32A CABLE 19Z:21 195'3.A CABLE :BB:3A)

j- 508/G)4Z

(DWITH SH~ORT C:;Cj:' 2:NNE:-EO

(1mrTH TmqIu :cNz-: PR71N

VTO SE.NSE
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Ope~ratCing .1ii d Irogra1 III 11ing 111 8 5 1(1 Net%1- AIMIN .. aLv r

S-Parameter Test Sets. The ill 3 51 4A- ind 1-111 8515A- S-pa ra- meter test sets
(F-urue 8) ,_)iovide auLnatIWic selecton1 01' S~ I . S-) SI 1* an.1d S-1-)-. 1, -timulu1ts Is

antomaticaf'l1 swthd o orward and reversie nicasuremnent-s, allowing Culk
err~or corrected measurementms for one-port devICeS andl( [for two-port devices
%wItIL hutithe need manually to reverse thie de% ice-underi1 est. Bias in put and sense
cofinections a1re Provided to allow testing aCtI\ ixc dvices. 11Iniermia 0 to 90 d11. 10
d B step attenuators are provided to conll0 (Ihe incident S6timu1lis level at thie
device-unde:-[est InIput. %Vithout1 caus5ing I changle InI die r'eerence signlll level.

I~REFERENCE

718M 3515A S, - 1
TEST

a1  S 22aT2  ' ' 1 S SS1A-gs ~SS'a155A 2 - 22

-I EXE.4ST.

-~25'S ',GHZ: ATTEN-OcI SMEA

4&2A

I a

~S3DCA:LE(85114A) AL BI PRETUNE

1 :3131 CABE 5 ISA) 5138 CBLE 85 5A)V M SENSE

C-I15



8I 85 10( Net '%ork A-\na I 7er Op~eratinig and Programming

Custitoml Test Sets~. To C0on,l~re si gnial separa ion of your owi, design. use thle
95P 811 A\ I'CIICIueC\' COMCICF (I 19INu 9). 11' your1 test setup does not follow

the ICComl\iticnls ci ii c "CtlCt i1fl i 1-INsauiSSIcnl o1 S-pa ra IueterCI test Set, Use the
lZLDF FI \ PAIRAMllP1ER seqtieiiwc ()I (lie H P 8510 system to select appropri-
alie refreICeC 11i1d test in1putS to le uISCd C01r lhe 1meaSuremenCt.

;F :NPUT
45 4M1j:-.2 .H I . _ 20 XMI

aa

GENERATOR

TIjmE

LV AEQm

4VIO SENSE
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()pera1tim.11 ard Pro~twIi1milliu 1111 85 10 Neht~ork A\nalyzer

lISI 1l10R VI? RI..It RN C \I 11,IVS. \'VlFI..:\ 10 IS

HIt LiIt 1v eais.,tenaOL.alptels. aidL 011Ie ;rCCCSSO:Le ;II eSSentl t
on1C Is W) J;1ci\ c aIcciffate. repeatajble nIjSurrcitent.s. \\"orii or unstable cables
arid coMIectOrS '% tll HiiereaSe ItttaStiItertteiit ciToI'S dIUC to dIIrCC1IVttV. 111isniatchC. an1d
1'eCLuerte>I espNIoue effects. Chieek cabies aid connectors reguila ily and replace
hlem X\leic\inces.s. Iry.

1O 'est 'OLH" uinC lsused vIth an H-11) 8510 let work maalv zer syste mu iiust be
luraibie 1111d stabl. andIL care- is required to a oWd daimaing them. Cables can b~e

dest r-o\ Cc My e'.csive les~s t hani 5-inch rad ins) bends. EVen1 With car1ef'ul uISe.
cauie 1 o 60~ out Je'L eItalv Oad fo 11hiS 1e:ISOII all CetbleS Sh1ouldI be treated as
c:OttIIJNtl tentIS to I)C r'eplacedC aS Oltenl as nlecesary. The miost important
chara.1cceristic ol, all cablCS Is Iniiniiuit tliagulttde and phase chiange bet ween
io\CeIentI1s f1lC\ure.S) 01olC the cb~e. Replace a caible whenI larg2e 111-miude and 01'

phase changes occr wen the cable is mo~ ed.

File C~tbleS eCOMMIiuIiende below. ini good condit ion. must be used f'or detailed
pert,0 lia lie eril'icat of the (11 IP 8510 s\ steih. These cable sets hav'e low in-
sertOI io S lo0,god lctr(IIical trw cIth. 1ndL*11hi0h Iet ii rn loss, an1d they ar'e sta ble in1 Uise.
Fui uteir ipllrcattons. II% hitgh qualitv cable set can be uIsed.

RecoLuLnerided c:;tIAeS '11id (wlten required) 20 or' 10 dIB attenua0tors to01 the test set
coii fi yLI1'rat otiS ltha can he Used III ant 111) "51 0 nletwork anlv yzer systemi a re:

* ~ 0 ISO Sd est P.-ort ReMturn 'Cbles,
.\ mdel N u n her Connector Attenuators

17H P 5 1 :A IA mmH) 85 1 32A. 849"A-020
IHil) 8513 A 3.5 tmin iti 1-1lP 85 13 1A. 8493C-0 10
HI 185 (4-A 7 tur1 I-A1P 85132B (2 in1 set)
I' 8515-A 3.5 nun o 1-IP 85 131 B(2 in1 set)

C-1 7



111" 85 10 Net %ork .- nalyzer Operaiting and Programming

EXTENSION LI.NES

External reeec-un -ahextension lilies Oil the test Set rear pa nels ar-e Used
to baklnce [lie reference anld test Signal path lengths according to the port I and
port 2 connections to the test device. These extension lines (and the Signal paths
theYV aply LO) depenld Oil the test set and are as follows. The standard lengths
described inl the nlext se~eral paragraphs balance the cable con figurat Ions already:
listed inl Ta1ble 2.

TEST SET LABEL SIGNAL PATH

Reflection-Transinission Test Sets

1 -1-1 5A E\TE\SION AbI bi
EXTENSION B a1

HP 8513A EXTENSION A al
EXTENSION B b 1, b-i

S-Paraineter Test Sets

HP 8514.A EXTENSION A a
EXTENSION B a

FIP 8515A E\TENSION A a11
E\TE\SION B a'

Ref lect ion /Tra nsmission Test Sets: H P 8 5 1 2A, H P 8513 3A. When using a sta n-
dard test seup (1-IP 831112A or HP 85111lA cable and attenluator) with a device-
unlder*-lest Connected directly (o Por-t 1, Lse the short extensions. HP part nlumber
08112-20019. Onl these test sets. one of the lines is in the test signal path. and tIs
ta,,ct makes 1, possible to add Was tees, step or fixed attenutor111s. amplifiers. isola-
tors. ol other de% ices.

S-Parameter Test Sets: HP 851 4A. H-P 851 5A. Whenl uIsing a standard test
etuIp Wi11h thle dvcune-stconnlected at the ends of ilhe HP 85131', B or HP

,S51.1213 test por-t 1eturn-1 cables. Use thie long extensions. HP part number 084'14-
2'0013. When connecting, the device-tider-test directly at Port I and uISIM4 a
Singl)e HIP 35)3 A or H11 851 ',-"A cable. Use thle shor't extension lines. HP pat
11umlber 0851-2 0011).-

&ienlsion Li11Q vis a e changied ',o 0111e: lengt lis Of igIh (1 uali v, cable do%% i nsev
on loss. lituli retim ii loss. stable inl us-e, m order to ballance electrical lenaths i

or ier contfigu rat ons. Siganal path balance is less important when L5sinZ the HP
8"40 S. in hlesiZed Ss Ceper. pait iCtilalv\ itl the Step Sweep no1de.

CjC1nC: n nlitj 1i

c-13



(.)1 er~itiiii" a1n(d Irou raIII Iiiin I I P 8 5 1 0 Nct ork Analxvier

If' .IIJ 1)te ItSt bLs e uISed tO CdtIttecI lie devices tIider. test. use ontly 13t1h-quaintv
.Icipm' piersI JSel as0S oS11supplied inl t ltc 111 '15052A- ( 3.Sivt) anid thle i) 3 5054A
i>vpe-N ) Catlibratint kits. Kep) [Ihe maitling surl'aces clean. inspect all connectors

Is \l' he lute C \ etv use, a iid Ilse co eto gaes to venl' iN that the mlatnga
tolcia uces ar icWit hith specCiti toils. \ IVaV ISC die torqueILI %VtclI, Set to tile Col-
i-CCt tOrqueI. whenI L1icluettini0 or' iento\ nI0 connctionts.

Ics1 sets "hIich have .1-tttn cottiectois onl thle test ports (e.g. 1-11 P 5 -I.A. H P
15 A'I~ ) catIl he used wi I test port returt n ca bles whtichI have 7nim i con nec tors 1)v

iic thle adat)[cis II [lie 11 S5~ 313'0 -\ spc'il 3.itt-to-inil aldaIpter set. These
,ud; ptet s ptO'\ ide Itug i nterCL Ilc e 1'0r acacinIg tile 71111 test por-t r-etur 1aoe

For best te.stilr-. these 111 8 51 30A\ adapters (not the adaipters inl tile HP 35052A
.~iniiicalbraionkit shuldbe sedit' 7 in calibration or- verification devices

AN ieuSed Cor caifi bi t ion or pert ortiatee v'eril'ica tion 01' at 3.5ntur test. set (e.lg. HP
851 3A- or H11 851I .A). The ada pters ill thle ealibration kit are- suitable only in the
Opposite Case. when1 3.511111 devices at-e uISed with'a 7 in test set.

Qo6V OI~lale to DTIC doe, n,,
Permit fully legible reproducti,)r
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I-1I' 8510 Net%%ork Anal~zer Operating and Programming

CALIBRATION KITS

Lse only tIe highest quality calibration standards: devices which have a known
response and ale stable in use. Only if the calibration devices used have an ac-
curacV equal to or greater than those in the HP 85050A (7mm) and HP 85051A
(.1.Smm) calibration kits will they provide the calibration and error correction
accuracy needed to achieve full, specified measurement accuracy with the HP
8510 network analyzer system.

Also be aware that calibration standards, like all devices, can become worn and
unstable with LISC. When a calibration device is no longer stable and repeatable.
Or showas signs of connector damage or wear, it must be replaced. Derailed han-
Wing and storage instructions appear in the calibration kit operating and service
mna irta [s.

Characteristics for the standards in the HP 85050A (7mnm), HP 85052A (3.5mm1)
and HP 85054A (Type-N) calibration kits are loaded from the tape cartridge
supplied with the calibration kits. Characteristics can also be defined by the user.
Each calibration kit is supplied with a data cartridge on which is stored the
rioriinal characteristics for each of the calibration devices in the kit.

The HP 85050A 7mi calibration kit consists of open and short circuit termina-
tions. fixed and sliding loads, a 7mm connector gage. gage calibration block and
a tgning pin. extra precision 6-slot center collets. a center collet extractor, a "m
connector torque wrench, and the device data cartridge. Option 010 adds a 30
cm beadless airline. ,hiLh is used for time domain a pplications.

The HP 85052A 3.5rim calibration kit consists of' male and female open and
short circuit terminations,. fixed and sliding loads. 7mm-to-3.Smm adapters.
matched '3.5mm-to-..5i11 adapters. a 3.5mm connector torque wrench. .5ni m
connec'tor gages and uage calibration block. and the device data cartridge. Op-
tiun 010 adds a 15cm bteadless airline, which is used fur time domain applications.

The HP 85054.A Type-\ Calibration Kit consists of male and female Typ'e-.,
open and short ciicuit teerminatiOns, fixed and sliding loads. 7 mm-to-T'pe-.N
adapters. and the de\ ce data car tridge

'hen ot her calibration kits a re used. nominal characteristics of tle standards can
IC defined by the user From the fIront pa nel of the 111P 8510. using tile NIODIFY
C-AL KIT setluctce descCibed in .Measureiient Calibration parit of this manual .
A,'ier ti1c calilbrtlon kt" staidards are detiilted. tile data can be recorded on ra,'e
then loaded f101o tape wiene\ er required.

(-jc01iec I li ,mtt or -
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Operating. ,ind Programming HP 85 1 0 Netwrork Analy zer

VERIFICATION KITS

Pei Wiiollace veii lica ion standards are used to dleermine (hat tile system can be
calibrated and prodtce good vlleaSulielent results. Devices in the verification kits
are precision de% ices Which should be treated with care and used only in specific
situations. not on a day-to-day basis. These devices ha\e been characterized on a
standards-class network analyzer by experienced factory personnel. If you use
proper calibration and measurement techniques. your measurement results should
be comparable to tWe data supplied with the devices, within the system
specit caions.

Only .erification de% ices which ha e an accuracy equal to or greater than hose
in he HP 8505 i A i-hm) and HP 85053A (3.5mm verification kits can be used
to ker if'. HP 8510 nevtvork analyzer system specifications.

The HP 85051A (umm) and HP 85053A (3.5mim) verification kits both include
fixed attenuators (20 dB and 50 dB for 7mim, 20 dB and 40 dB for 3.5mam) and
beadless and stepped two-port airline mismatch standards. Data for the devices
includes a device data sheet which lists fully etaror-corrected data and measure-
ment uncertainty data on all devices in the kit at various specified frequencies.
This measurement uncertainty includes both the uncertainty of the HP factoryz
measurement system and the specified uncertainty of the user's system.

The device data sheet with the HP 35051A 71m verification kit lists data at 20
frequencies. 19 01' them Within the specified range of the HP 8512A and HP
8514A test sets. The device data sheet with the Ip 85053A 3.511m verification
kit lists data at IS frequencies. The data cartridge contains formatted trace data
on the devices before they were shipped from the factory. as measured oi a
standids-class '(P 8510 network analyzer system. The formatted trace data
contains information for 201 frequencies.

To elil'y s',stem petorma [ice using these standards. perform standard 7mm or
3.Smm two-port calibration and measurement procedures. present corrected
response of standard device, then read the marker at the soecified frequency
points and compare .our measured data with the standard data supplied with the
de,,ices. kc.!cr to the Performance Tests section of the HP 8510 system manual
for dema ikd ,.stem performance 'erification instructions.
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SWp availoble to DTIC doof not
POSM fuI~y legible zeprodtotion

APPENDIX D

o-p~ Nje:;or'A Analyzer Tm-4re Domain Measuremen-ts- xer
from th-e HP8510 Manual

OW *frwcjcbl to DTIC dooq no!
PIU fMUT~ legible reprodaio
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HJP S5 10 I Net'i ork An-N k er OperatLinig anl Programin ng

INTRO D[CTION

-Ihis parit of' the F P 510 net work analvzer svsteni ma nual explainis hiow to make
-c! c~ on t t s ~n;naurie nhe time domiain. NI0easu remnats
a C1LaI I made III (Ihe freI uCuIc yC dominan are tra nsformed mathenia ical~ *yn to Elhe
(Inw dtomlainl Using the internal high-speed computer in the HP 8510, and this
rcjWc- hlat the systeml be eqUipped, with Time Domain Option 010. either at the
ine ot origlial sl i puien oi bv mean s of' he H-IP 8501I2 A Timte Domnain So ft ware

Pe imie domin baudl( pass mode Is e.specia liv useful for measuring band-iiited
w sad in mank i ng ault location men su remen s. The nime d omnain low pass

no0e Simulat1ieS the traditionalI TDIl meaSUrwmient and makes it possible to deter-
Mine Llie type o1' discontinuity picsent in a device. Both modes are explained
lhere. aIs are special timle domain featrle.s such as mlasking. %vindowmina and zating

I imit.~ )~mm~mim \l~m~m emmcm2r 4,.1
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FREQL ENCY DONIAIN

TIE DONIAIN
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G EN ERA L T1 IEOR\N

FTe cia onsh151ilp het \% en the F req uencyv Domain response Onrd tie Time Don ainl
c~ponsc of a flet\\ oi k is described by tire Fourier Traiisfornr:

FREQU ENCY DOMIAIN TIMIE DOMIAIN

H(C) -------------- > lilt)

It is !ie!Qefore possibie to measuire the response of a device under test (DtT' in
w!e Freqtrenc, .; Domain and then mathemratically calculate the inverse Fourier

Safor'n of ct: dam to gi~ e the Tmre Domain rsos.Teitra ih
,,peed coimputer :n the HP 3510 does this calculation using Chiirp-Z Fast Fourier*
Transform conmputa tion techiniques. 'The resulting nmeasurenment is tile fullyv error-
corrected Time Domain reflection or transmission response o1 thle device dis-
Played in near real tinre.

In Fiatrre -6, the Frequrency and Tinic Domiain responses of the same device are
uispla~td. Tie Fr-equiency Domain refie~tion measuremient is a composite
iesponise of* all of' the discontinuities present in the device under test.

Tie Time Domainl 'ieasurenrent shows tile effect of each individual discontinuit';
,is i functin of tume (or distance). The timie domain response shows that the
device response consists of' three separate impedance changes. with the second
discontinwit ha. inm4 a relfection coefficient ina~nitUde of 0.013. This discontrnu-
it.' is located o-.5 picoseconds from tile reference plane relative to the speed of
hlitr I aacuunr. 'In the time domain trace shown in Figur-e 76. tile display and
the marker show thle round-trip time to tile reflection and back: 335 ps.)
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I INIL DOM IAIN NIO)L'S

I tic 1I1P 85 I Ii'( work .iwly/cr s' ,ssgu t wo different modes of operation for
IiiM I )oDoain Ii1eisIrem nis, Band Pass anrid Low Pass..

I ticItU .I Iw s';i i mode . Ihti m nost gciral Ip p()% . mode of operation. gives the Im-
pIulse. iponse of h e de\ ice. Band Pas will \ ork witlh allny device and over ally
I'iequLircncv rang1.e a nd i the leasi complica ted mode to use.

I lie I ow lass, mode is used to ,iiiila ( lie traditional Time Domain Reflec-
1o0m1CIer (II)R) m easurcmien. The r sponse gives the user information to deter-
unilhie t I pc ol dicon Inuit y pre'sen (lR. L. or C). The Low Pams mode will also
po\ idC Cittier thc iipulRe or s"ep rspol)ls ol Ilie device.

D-5
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I l\IE DO\I.\IN BAND PASS

' lic and Pas% mode is so named because it will work with band-limited devices.
l III Is a d'tim.Uct adsa itage o\ er traditionalI TDR. which requires that (lie DUT
lic ablc to operae down to de. With Band Pass there are no restrictions on the
trequen ey .rani ge o1" tle measureillent.

Reflection \le:isurenents U sing Band Pas%

Before making Time )o1,611 rel'lection measurements. it is necessary to perform
the appropfiate measurcment ca librat ion.

SPres , PRESET.
" Perform an S 1 i-PORT calibration.

Lea\ v the sliding load connected and observe the Frequency Domain
response as the sliding element is moved.

" Press DOMAIN. TIME BAND PASS.
* Pres,,t \:O to di',pla.\ the trace And obserse the Time Domain

icsponise as fhe sliding element is moved.

-I hc t 1f'ip.rl I-'CqiiCnCy Dom:in and Time Domain responses of a sliding load are

lie lDouuaim \leawreflilFs 251
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Move the sliding element and observe the response in both the Frequency Do-
main m1,(d tie Band Pass Time Domain. The Frequency Domain measurement of
the Sliding load should change very little when the slide is moved (unless the cal-
ibration is bad). However. the Time Domain measurement shows the individual
response of the load element, and it moves along tie horizontal axis as the slide is
moved.

Interpreting the Band Pass Response Horizontal Axis. In Band Pass reflection
measurements. the horizontal axis represents the amount of time that it takes for
an impulse. lanched at the test port, to reach tie discontinuity and return. Thus.
this is the two-way travel time to the discontinuity, which in Figure 77 is the load
element of the sliding load.

The Marker reads out both the time (x2) and the electrical length (x2) to the dis-
continuity. The electrical length is obtained by multiplying the time by the
velocity of light in a vacuum (2.997925E8 m/sec). To get the physical length,
multiply the electrical length by the relative velocity of light in the transmission
medium.

In the Time Domain. the STI.iULUS keys (START. STOP. CENTER. and
SPAN) refer to time. and tile\- can be used to change the horizontal (time) axis of
tile display independent of the frequency range chosen. This can be done using
the knob. step keys. or the keypad. The keypad terminators also refer to time in
seconds (with tile lowercase prefixes).

Interpreting the Band Pass Response Vertical Axis. The quantity displayed on
the vertical axis depends on tile format selected. Band Pass is PRESET to the
Linear Magnitude format which displays the response in reflection coefficient (p)
mnits. This can be thotght of as an average reflection coefficient of the disconti-
nuit% over the frequency range of the measurement.

Other useful formats are listed in Table 13. The Band Pass response gives the
magnitude of the reflection only and has no impedance information (R. L. or C).
This information is available. howevep, in the Low Pass response.

Table' /3. L w'/id Timiie Domin Baud Pa,, Frnial,

FORM1AT PARAIETER

LINEAR \IAG REFLECTION COEFFICIENT UNITS
LOG MAIG RETURN LOSS (dB)
SWR SWR UNITS

254 liime l) Hii;ii \t c;Ii~ t.t'rsD-
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V ault Locat(ion .\ieaIiuiiJlt I %iIng Banid P'ass

'lie Ba :d Pass miodc Is \Cirv uscnil inI ma king 'a Lilt local ion maue ns.Fig-
iiic - S shows thle Hand Pass T ime Donmain mcasi ilen 01' a lengthI of coiI\ I I1
c"Ible ha \ iig f11(1hi pie U iscont nmi is and teminmated in 50 ohn is. \ote tile respon-

oca ch U ISCO111 in1it v and of' tilhe terinait ing edci tient.

z ' 3S 3

Ft .,i wc (. Ca//c FLUli Lo'.Ldll(J1l 1 11'LI.S Ufl.'01h'Il UAIng Baud Pus.'.\

A so. hca use thle Bandl Paiss mode will work over al nf requtency' ra nl.e. it can be
t'sW 1o do.10 I location in band-li niited t IMa SIinson mledia., SLICI as wa Veguide.

Time Domain %leasurememts 255

D-8
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~ \ Icasurcmvcnts ini Band Pass

The Band Pass mode Is ailso usefl' In iiiking uainsmission illeaSL1!eIInentS. BefrIe
ma kingc Ti me Domain Ir anw.mission1 meaCSLIIreMe tS. it IS neceCSSary\ to Perform tile
a ppropria 1C illelSLII'remnen ( Ca Ii bra tonl.

* Press PRESET.
* Perlform an S, 1  RESPONSE, FULL 2-PORT. or ONE PATH 2-

PORT calibration.
" Connect a1 20 (1B coa \Ial attenua)tor and observe thle Fr-equency

Doiia in lespomilse.
" Press DOMAIN. TIME BAND PASS.
* Press AUTO to display tile unICe.

The Fiequency Domain and Time Domain responses of a 20 d8 attenuator are
Shown In Figu1.re 79.

~ -~ V2,

- ,.. III 5= 20..- -
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Interpreting the Banid "Fv~*ransinksiomi Response Horizontal Axis. In Time
Domain transmission measurements. thle horizontal axis is displayed in Units of'
mile. The responlse of' the 11in1 con nleCt ion used In the calibration is an Impulse a[
t 0 andL With unlit he~liIu. IIindcating( that thImle made it through1al in zero
11111Camd w t i10 loss. %\ hen a device is inserted, the time a xis indicates thle prop-
'ztionl dclay or- electrical length of' thie device. Note that in Time Domain trans-

missin meauremets(lte va Ite displayved IS thle alctual electr-ical legh. nt 1)
The MaUrk er rea ds out1 the elecirical I lengthI in both timle and dista nce. YOU in u.st
muiii ilte distance number by the relative velocity of thle tra nsmission medium11
to get lie ictiual pnysica i leni-h1.

Interpreting the Band Pass Transmission Response Vertical Axis. The vertical
a Ims dilsplivs thle trairsinlission response in tra nsmuission coefficient Units (.r) in the
Linlear M\agnitude format and tile transmission loss or gain in dB in the Log
\Iagnituide format. Tis can be thought of' as an average of the transmission
responlse Q\ C tile 1recluency range 01' tile niiesurewient. For the 20 dB attenualtor
example. thie Banld Pass response hias a magnitude of 0.10 transmission coefficient
uIMs (-O' UB Insertion loss).

Time Domrain iensurenents 25-
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I IN 11. DO)N\I \ IN LO \\ P' \SS

I': I 0 \ l'r', it~Illc o I 1111 I )oisl~sil IS IIsCed to SliiitllitL the tranditional1 TDR
.L' liiiel ili. I Is iIkk Lii\ C', Ilk:. owl. iii, Olilnitil to d~eteriic ie te tYpe 01,

I SCO' I! I I I\ .. 1 .. or 1c) tha I ;III piesent. Low Pi ass pro\ Id(Ies ilhe best reCso IL 1ion
ieSC rIe tim1e), an d It ma v\ be Iused to giVe C'ICIt lieu t Step or ImIpulISe response

I hec 1-0\\ I'.ss ode I% leS geneicil pirIpose dihmii Mind 11ass ill that it pla1ces Strict
ittu ols Onl thie Itruhe~cic'; roituc o1, (11C iitieet It reutilres thalt the
Ii 1LtkUCIIL\ l01ItuIttI dalta f)OMiS bc hlitIllVif\ elalted h-ro1 dc to STOP

kc't1leclev .SI 0' SFAT where N = NUN113UR ofl'POINTS). The dc
ci~~e~c. espnsei5 ~ti*tplaid fon thec low fitiecc uajta. The IteCjiire-

*.L1.: 10 pass d.I is iei saniek Iiitautioii 1thai1 e\S.S for traitional TDR

~e tit Ircqeic~Ranige for [jutec IDonain Luii P;Iss

c m: l:nz IMclcasitt II in k [e u\ Pa-ss miode. thte f~reqiinev rnne ot' the
c~siI 1cLIit l)e set SO thatl SlOP - v\S.\f. where /I is the: num11be. 0at

11- c;111 1)k J!ouc ditl\ M\ thef uisc. or- else it will be donearotcn.
~~~~c~~~ .L I R Q U'P-~ik ~CS.Sed. This kcv is Iincluded in

(\ L \!IuLi J 11'Lt hIlk I I\ IL LU \\ 'A.SS sol'tke\. Been use thc HIP
''o cu: ci t: t:o [ue L%\ Pass odc: until ite SLY FREQ. (LO\\PAS

S ~Ics~c atc,251 o)llCC. it P, \ cIX" iinploit,ii Itt it this be done before nea-
(9 ;e .~ s. ~.ito P ; 's H I Cl-Ian'_ the mlC'Iearemetfejncs

IWit " i.: 01 wffcioII..

ilFR LQ. (I .O\ PA1' -)' \IlI se,, the STOP ' lreciluene\ as close as pcs-
ii.: to :ltc: \11iI I ruttL 1)\ I i' the usr, and It \ ill set the ST-\RT rrel.1iinc% eqti.!

N I \ VI i .li. 11 lie uiser selcts 101 polint. vi.Ith STARTf 1
and! 510'=5 5 i-z. thliTpesn SLI' [REQ. (LO\\ PASS) '

A.~~ k: !cO'A C": Iie~Lctuctee or the Il1' 8-,70 is 45 VHi-l. for1 et"C2
0!' ot \ e: c .s ;1,111ilwl . O\'Ibic Si 01' iietiici\ thait cann be useC. tnLu

Copy available to DTIC does rc
permit fully legible zeproductiozi

D-1 I



IIP 85 1 0 Nct'~ork Analy zer Op~erating and Programmiting

1a/. 4. 1, inaum hrcqttci Rtmt,\~ For Tili :c Domui Low' Pav%

NUMBEII)R of P~OINTS (N) MINUILM FREQUENCY RANGE

51 45 .\l-1z to 2.295 GHz
101 45 M11-z to 4.545 Gl-lz

2101 45 M~lz to 9.045 GHz
401 45 'M1-z to 18.045 GHz

NOTE: It" (lie souirce cannot operate over- tile required
freq uecy range. the 1IP 8510 will nevertheless attempt
thie operation.

11' thle STOP freqtilenc v entered is lower t han lie mi niti that is a va ila ble for
the value of' N selected. then pressing (lhe SET [REQ. (LOWN PASS) softkey will
chiange thle STOP frequency to that minumini valhue. For example. if N umlber or
Points =201. START = 100 \Il-lz. and STOP = 6.00 GHz, then pressing SET
FREQ. (LOIN PASS) will changie START to 45 %IHz and STOP to 9.045 Glz (=
!START \ 201)~. lBecause of these restrictions onl the frequency range of' tile mea-
survement, the Low Pass Mode is most usel*ul 17or me1asuing1 lowpass broad band
de\ ices.

.Anal\ zing Lois Pass Reflections

-\s mentioned. thle Low Pass miode gives thle TDR response of thle device Under
test. This response contains inf~ormlatlin that is useful In determining thle type of'
dikconiituit\ present. Before making actual measurements in the Low Pass miode.
it Is helpf ul to re\ uew thme Low Pass responses o0' known discontinuities. Each
circui element of' Fig~ure 80 was simulated to show the corresponding Low Pass
Time Domain S, response svaveforni. The Low Pass miode will give thle
r'espon1se of' 1the de\ ice to either' a Step or- anl Imiiplke stimulu1Ls. (M~athematically.

hie Lov Pass ImpuIlse stimul.1us is thle derivative of' thle Step stimul.1us.)

IThese Time Domain responses were generated using thle Ciu'CUit Modeling Pro-
'2manI Which1 IS -supplied Wvith thle Time Domain option (described at the end of' the
Ilimie Doma in section).

I-ime Domain Mleasurements 259
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LO\\ P\SS RI[IIIO(NS
(ML\I. FORIMAT)

ELEMENT STEP RESPONSE IMPULSE RESPONSE

OPEN

UNITY REFLECTION UNITY REFLECTION

SHORT

UNITY REFLECTION. -1800 UNITY REFLECTION -180 °

RESISTOR
R >Z

POSITIVE LEVEL SHIFT POSITIVE PEAK

RESISTOR
R <Z NEGATIVE LEVEL SHIFT NEGATIVE PEAK

' 't 'f.l'c M ). L .' Ihti ' . ;'/' ,Ic/ I /Jl/ll[/'C '/' (U? l , If'tWI('/ lllt \ o / ' .

Id?1 I ihl 11 I )oin~i in \ ICXt',ICID1' 3s
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INDUCTOR

PSTIVE PEAK POSITIVE THEN NEGATIVE PEAKS

CAPACITOR

NEGATIVE PEAK NEGATIVE THEN POSITIVE PEAKS

/Fi -t'1cIJ ) Loic 5,1 1 [ S IT; iI//) 1(I'C lm i ?c L'\f'Il\' bI' 1 2 f2
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Operating and Programming lIP 8510 Netwiork Analyzer

Reflection Nleasurement, in Time Domain Lo', I'as

To make measurements ;-" the Low Pass mode. use the folloving procedure:

* Press PRESET.
* CAL, CAL I ( 7 mn ) or CAL 2 ( 3.5 mn

The Cal Type menu (Figure 51. p. 183) will be displayed.

* Press SET FREQ. (LOWV PASS).
* Perform an S, I-PORT calibration.
* Connect a 25 n irline and broadband load.
* Press DOMAIN. TIME LO\' PASS. SET FREQ. (LO\N PASS).
* Press ALTO to vie the STEP response. Figure Sl.
* To view the Low Pass Impulse response of the devicc, pi ,, DO-

MAIN. SPECIFY TIME. IMPULSE (LON\ P \".S).

2 3 .* O,. a3

,., =K-.- . . '-

/- .3

D--
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Interpreting the Lois lasi Re-,poiise iforizon tai Ax is. The hiorizonta-l axis for
tile 1-0%% Pa-SS IleASucmlenlt IN tile 2-way travlel time to thle discontiiiuitv1-. thle Samlle
,s Cor thle 13and Pass mode. Also. tile *\lrkcr f'unction displayvs both the timie(C
dild ecctr~ia length (--). obtined by umultiplyina thle time b%, tie ve!Ociv of'
1Lit InI I \aCLi1iivi (2.997925118 inl.see). To let thle actual physical length. nul.1tipl v
Lb\ the \C a OCe\ elt 01o' lighlt inl thle I'ploatll a onedi.i in.

hilt-rprcting the Los% Pas.s Resp~onse Verticail Axis. Thie vertical axis depends
upon hle f'oiiiu chosen. Il thie LOW PaS-S no1de, thle 11oSt Luse*uI Comml-al is REAL.
w hiuchl displays thle TDR responlse Inl rei'lection coeffticienit Units.

This points out a key dIterence between thle Bond Pass and Low Pass modes.
Thle Band1 Pass Illea1SUrelmet is a1ctually hie response of' [lhe device to an RE pulse
wvith ani impulse shaped en\elope. For Banid Pass. thle Inver-se Fourier Transform
of' the (coinple~x) Frequency Domain data gives a complex (real and Imaginary
pr1ts) Time Domain response. and it is the magnitude of' this response that: Is
dlI il C d.

In tle Low Pass mlode, because thle Frequency Domain data is taken at harmoni-
ca llv melate d frC(elecies down to dc. tile ln\ cisc Fourier Transform has only a
reald par itthe Iimg~ina rv part Is zero). Thler-efore. thle mlost Useful formIiat for thle
Low, Pass node is tile REAL f'ormlat, which displays the response in ref'lection
coeffCicieti units, Otlier useful formats are listed in Table 15.

Tab/c /i. Uwhd u Time; DfuuuIM Lowm PLI.v. Formia',

FO 1 NIAT PARAMETER

R EA L RLFLECTION COEFFICIENT LNITS
LOG \,IAG REt RN LOSS 0(d1)
S%\\R S\\ R I. ITS

Trace Bounce. Depenlding- Oil the inagnit tide of' the response and on tile test set
uised. the Low Pass Step response of' thle de\ Ice mla v exhibit a phienomenon called
di spla% v ace bounce. This Is noinia I. anmd it calli be fimproved by turning onl
-\V'ER.-GI\G unlder the 1ResPmilSe \IENL ). This trace bounce is Caused b\, a
OsS of imeasuimnent dvniiic ra nge at low- tm etILueCIes because Of' thle r'oil off, of'
mcl CounmIC-baseNd test sets 4W S5 I 2.- aiid H P 85 14 A? below 500 \l Hz 'dow\n -S'o

LIB at 45 \11I-1zi. Tile ti ace bou(iic IS a faI o of ZI3O 1 '0 tlimies less inl thie bridze-based
test sets (I-IP 851 1SA anld 1I1I P3515,A). which ha~xe Hlat magnitude helec
iQspoilscs do ito 45 '101-lz.

I 1r11k i )(iimil \ lms 2mieims



Operating and Progra mning i P 35 1 0 Network Analyzer

-\s a second exa mple ol' Low Pass reflection measurements, consider the Lowy
Pass Step response of a 30 cm airline and f'ixed load, shown in Figure 82.

F.':arc , ... i 'I," C '/,tN~a (I S 30 'r .4 Wli/kl Lind Fjvc'd Load

The Low Pass response at 0 is that of the airline connection. By comparing
this response with tile theorerical Low Pass responses, one can determine whethet-
IhQ m1isma.tch present is capacitiVe or inductive. The discontmu it at the first
connection of the airline Is capacitive. The upward slope of tlhe center section of
the response is ClLsed by the loss in the airline. The second major response is that
ot' he I'i\ed load.

D-17
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TVIE DOMLAIN CONCEPTS

\ lasking Is a phs scal phienomenonl in \vich thle Impulse or' Step response ot" one
Q1IsCOf~tl lI1\ A1 lectilhe r'esponse o1 each sLIbseq Uent d iscor n uity vIn thle ci rcuit.
Tis occurs because thle eiierizv reflected from or absorbed inl the first discontinu.-
I(,, never reaches tie second In thle 25 fl airline examlple (FigurIe 81). the Low
Pa-ss step reslnonse Shows the re~lection coefficient at thle first discontinuityV Of

-03.which is correct for anl impedance of' 25 n2. However, at thle end of the 25
SSection the response does not retturn to zero reflection coefficient. which it

sIOuLdL at a1 50 n~ Impedanice. The reaison is hamt he step incident on thle second
espoulse I's Of ;ess thaim unlity '1a plitUde beca use of thle energy ref'lected Inl he

filsilua tch.

A\s ai second e-manple of imasking. consider the Time Domain response or a 3) dB
a"tICenuator an1d a shor1t cir-cuit. The Imrpuilse response of the short cir-cuit alone.
Fi~r 33I'C8. shos return loss 01' 0 dB. 1lowveser. thle response of the short circuit
piced at the kend of thle 3 dB attelluator dily's a rturnfl loss of -6 dB. Tis

aweI11, Icull eprIesentLs thle forward and reunpath loss through thle attenuator.
,lnd 'I illutraes h1ow a1 los~S netw ork can a ffeQct the responses that follow It.

sq r

3.2S/

S~~~im'l~ ~ ~ 213(11 5111* i E i o
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NN IN DONN ING

File iP 8510 ha~s aI feature called \\INDOWVING What Is designed to enhance
Tlime Domain mleasurements. [hle need for Windowing is dlue to thle abr'upt tr-an-
sitions inl Wie Frequency Domain measuirement at the START and STOP frequen-
cies. Tis band limiting of Wie Fr'equlency Domain response caulses overshoot and
ringing in tile Time Domini response. It causes the (un-Windowed) ImpuPLlse
stimulu1LS to have a sin~kc), kr shape (k =7',freqenlCV spanl), Which has two eff ects
IthatI lijit t; . ,3sc, ;lness c!* !ie Time Domain mneasur~emlent:

(11) inite ImpuPLlse Widili. This limits the a bilityv to resolve between
two ciosely spaced responses. The effects of he finite impuPLlse width
cannot be Improved without Increasing the frequ~enlc span of thle
measurement. See Tab)le 16.

(2) Sidelobes. TFie ImpuPLlse sidelobes liit thle dynamic range of' the
Time Domain measurement by hiding low level responses within thle

idelobes of thle higher level responses. Thle effects or sidelobes can be
Improved by Windowing. See Table I17.

\Vin do win improves thie dvnamine ra nge 0of thle Time Domain mleasurement by
Miodi fying tfiltering) thle FrquenIcyl Dolia i data prior to conversion to the Time
Domna n to pi'od tice al ii1PIS iii plse siluS with lower sidelobes. This grea thy enhan-
ces tile effectiveness in viewing Time Domain responses thlat are very diff'erent Inl
magnitude. The sidelobe r-eduction is achieved, however, as thle tradeoff wvith
11inceased impuPLlse idh The etffect of' W\indowing onl the STEP stil1us (inte-

I oftheimpuse timlus.LowPasshioe o I )i reduction of' overshoot
and vin~ine at the tradeouff with increased rise mime.

Threc WVindows are available: :\llN B! N!, ORA.and NIAXNINIL'MN. The
\\ indow may' be seetetd by pressing DOXI.-\AIN, SIIECIFY TENIE. The sidehobe
IC\ ek of the Time Domain stimuluLs depend only onl the Window that is selected
(see Table I-)h. \Ivl\I \IlLY >4Is essentially no windlow and therefore gives the
hialhest sidelobes: NOR.MAL (selected b\ PRESET) veCs r-edcIed sidelobes and is
1no1rm11 (ivt Most ulselfn I: NXlANI'LA I givyes the mini muum sidelobes and ChIuS
pm 0\ ides thle zi-eatest d% namic ranlge.
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Tall' i. Tinc Domin LI h/, ' C/ie'acwr, zic.

WINDOW IMPULSE STEP
Impulse Sideiobe Level TYPE SIDELOBE SIDELOBE

LEVEL LEVEL

.N N ININIUN1 -13 dB -2I dB
NORMAL -44 dB -)0 dB
MAXIMUM \ < -90 dB < -90 dB

Step Sidelobe Level

The sidelobe reduction due to Windowing is achieved at a tradeoff with an in-
crease in the Step (10% - 90q'o) Rise Time and the Impulse (50%) width. These
parameters also depend upon the frequency span of the measurement. and they
can be calculated using tie approximate fornulas given in Table 17.

T,;hi 1-..4/ 17 ).iIIte Furtukd.s For Step Ri.e Time and /Se 1 l,'idth

LO\, PASS

(1.0 MINIMUM WINDOW
STEP RISE TIME - 0.45 (2.2 NORMAL WINDOW
(1000 - 90%) FREQ SPAN (3.3 MAXIMUM WINDOW

(1.0 MINIMUM WINDO\V
INIPULSE WIDTH - 0.60 x (1.6 NORMAL WINDOW 1
r50%) FREQ SPAN { 2.4 MAXIMU'.M WINDOW,'

BA D PASS

(1.0 NIININIUNI WINDO\.
IMPULSE \\IDTH 1.20 x (1.6 NORMAL WVINDO\V
50j ="FREQ SPAN (2.4 \IAXFIUM, \INDOW

Multiply by tie velocity of il in a vacuim (2.997925E8 n,,sec) to get electrical
length. and then by the relative velocity ot' light in the tlie propagation medium
to get physical length.

Time t)oiail leasu cuients 2o"
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Operating and Programming HP 85 10 Network Analyzer

The purpose of windowing is to make the Time Domain response more useful in
isolating and identifying individual responses. The window does not affect the
displayed Frequency Domain response. It is turned on only when the Time Do-
main response is viewed. Figure 84 shows typical effects of windowing on the
Time Domain response of the reflection measurement of a short circuit.

\WI NDOW MINIMUM NORMAL WIDE

LO\ \ PASS
STEP

LO\\ PASS
IIPULSE \ /'

\ / \

IV\\D PASS ',>--
IIPULSE

Fi.'ttur W\4. El/Lct l 1 II' it",rin,i: on Time Domain Re.poli.cw.s
a/ ,lSlJt Cituli

'68 Inim IDo in 1 Mt: Ism r11-ts
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I I P 85 10U Net iiork AnalI ter 0peraiting an d P~rogrammniig

III lie Timie Domta in. tie A NGI Ii is defI as thle lenlgiIl inl ('i[lie thati a iileasu le-
nien cani be miade wih out encountering a repetition of* (lie response (see FigurIe
85). Thie r~epet itioni or tile Time Domain responlse occurs at regular interval.% of'
time and is a consequence of tile Freq~uency Domain data being taken at discrete
f'reqluency points rat her than being continuous.

I-he Ra ie ol' aI mieasurement is equal to 1/61F. tie spacing between frequency
data points. It is t herefor'e directly proportionial to (lie numiber of points and
ill\ erselv proportional to thie Frequency Span (STOP - START I'requenicy) and
calli be calctilated using thle following 17ornii11la.

RAN6E = /AF = (Number of' Points - 1)/Frecluency Span

As a Sample Calculation , for a 201 point measurement f'rom 50 NMHz to 18 G0Hz
(SPAN\, 17.95 Gliz). (Ihe Range is (201 - 1) 17.95 GH7 11.1 nsec (3.34 ill).
[hIs thle deVice tindter test hias to h~e 3.34 il 0or less inl electrical length f'or a trans-
iMiission Ineastirelnen (1 .67 iii f~or a ref'lect ion measurement) or else an overlap-
pling o1' thle Tine Doniain responses (a liasi hg) w\ill occuri. (Remember to in u It i p1
by thie rela tive \elocit\ of0' light inl tile med iuni to get actual ph ysical lengthI.)

Figi uc N5 I-im Doma in 1ca.\LirWI ic/ .Shiu Il ( c IyII ' Re,'c'Iieii.

To Increase tilie Time Domiain meastirement Ranege. it is Usually better to First
increase the numbiier of' points, because decreasing the frequency spani will reduce
thie resolutioni.

Timie Domiain %leasurenients "O9
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Oe r.i v ani Programming HI 85 1 0 Net\ork AnalNzer

RESOLL TION

Fhere are two different teills involving resolution in Time Domain: RESPONSE-
RESOLUTION and RANGE-RESOLUTION. The Time Domain Response-
Resolution is defined as the ability to resolve two closely spaced responses. In
other words, if t,,o responses are present. this is how closely they can be spaced
and still be distinguislhed 'rom one another. For responses of equal amplitude, tle
Response-ResoIution is equal to the 50% (-6 dB) impulse width. It therefore is
in,.ersely proportional to the frequency span of the measurement and is also a
function of the window, that is used. Approximate f'ormulas for calculating the
50'0 Impulse ,,,idth are given in Table 17. For responses that are of different
,imlhtudes. !he Response-Resolution will be wider.

RanPe-Resolution is defined as the ability to locate a single response in time. In
other words. it only one response is there, this is how closely you can pinpoint the
peak of that response, The Range-Resolution is equal to the digital resolution of
the CRT display which is the time span displayed divided by the number of
points. Maximum Range-Resolution is achieved by centering the response on tle
display and then reducing the time span. Therefore. the Range-Resolution is al-
wavs much fiiicr than the Response-Resolution.
To illustrate tle difference between these two resolution terms. consider a iea-

,urenent with a 'requency span of 18 GHz. For Low Pass. with a Normal
', indow. tie Response-Resolution (Impulse width) is 53 psec (0.6 x (1 18 GHz) \

.', or 1 6 In in electrical lenath (53 psec x 2.997925E8 nisec). As illustrated in
Figure 3o. two Time Domain responses of equal amplitude separated by 16 mm
could be resolved in this Time Domain measurement. (This indicates an actual
discontinuity separatior of" 8 mm for reflection measurements.)

\ow consider the case where only one response is present. By centering that
response on the display and adjusting tile time SPAN to equal the 50% Impulse
',vidtll 53 psec. [6 Imill). Figure 86, the Range-Resolution is reduced to 40 um 16
:lni 401 points). The Range-Resolution can be further reduced by narrowing the
:ime span.

, I :int; l)'i;,: \ ~it'ui ilD -23s

D - 23



- 1P 85 10 Ncoi .ork .-\O pll. zcr UIerating and Irograin ni jig

S/ 

\,

, 

/

Fiur No.' RL'.\outlfU m I Tim IC Domin

i.lIle D o mi n M ezis m -enlents

D-24



Operating and P~rogra mming H1P 85 10 Net'sork Analyzer

GATI NG

I-le HP 8510 gatin rfeature gives the user. the flexibility to selectively remove
rel'iection or transmission Time Donain responses. In converting back to the
Frequency Domain. the effects of clic responses outside the Gate are removed, In
a reflectionl m1ealsur~emient. YOU call remove the effects Of unwanted mismatches
or else isolate and view the response of an individual mismatch. In a transmission
measurement y'ou can remove the responses at multiple transmission paths.

Setting the (Y;ite. A Gate is a temporal band pass filter- used to filter out unwvan-
ted Time Domuirr responses. Responses outside the selected gate are not included
in Whe trace. There are three Gate indicators: START. CENTER, and STOP.
The Gate has a bandpnss filter shnpe. as shown in Figure 87. The GATE CEN-
TER indicates the center time (not fr-eCltency) of this filter, and the Gate START
and STOP indicate the -6 dB cutoff' times. Gate SPAN = STOP - START.

Cop cva't.'-- o DTT!C doe T

p(,rmit fully W ,jble repioductior
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( oUl'"ILFl to1~.L;I fL~ ,~In\,c (ihe rc~[)oii\c oF' a 7nl-tcl-3.5imn1 adapter con-
l1CCtCd () .1 ..511111 ;111'1111C all ii Ci\cd. lwd. Thc Frequency Doniain and the

13.111d PIIN in11c DIoiaili ic1,)0lINCN 01' StiCh J SCInIII ;11' ShiOW1 inI 1-,figur 83.

/ L~/f(.II v lil'l /H''ll'11 1-I/11c Domn;~ Rc'\,101\(

aovoiaibla to DTIC do es

permit fully legible repioductioti
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I I(P 8 5 10) Net itork Anlv ltLer Operatting and Prograimming

\c I II now [Ise an to i nial yze (le response of thie aIdapter oW y%.

*Press DO\I,-\IN. TINMIE 1A.ND PASS. SPECIF\ GATE.
*The three Gmue Indicators will nowv appear onl the screen. Press
GAITE CENTER. an1d uISe thle knob or ke\ pad to move thet center
inldicatorl to t = 0.
In Figure S9, the tinme domain display shows thle Gate center, 86 ps. as
the Active Functionl.

*Press GATE SPAN and use the knob or kevpadJ to adjulst the Gate
Span to 0.70 tas.

*Press GATE ON 1o turn11 on thle Gate.
Thle responses outside (Ihe Gate will1 be removed. See Figuire 89.

*Press DOMAIN, FREQLENC\.
View thle gat~ed Frequency Domain response of the adapter. See
Figure 89.

M) Sc c) w ~ , .-) 1/) 1 0 -.?-1 11. :

Th ae *..de trc inteFe un y D m i .lt5 t IUe8 h vstl

GmdFeunyDmal -SOle ~I1 Stlto'tl ny h C
Cc 0t ot it 'S o dol(i m aue e taerlii~d

Tim Doai Meaureent 2
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()perain;~ .III, PII4.1111L: I Il 8510 () c~t 'ork .\iiaIlzcr

>-clcct ("ate Iac I mil dIlTet cIm Gate shape are vidlble: M1ININIL %I.
\()IZ'\1 \1 . "\ IM).. lintd 'I.\I. I llch of, die Gcare have differenlt pass-

AIJ1,,:Hc\\., k:11iot1 ale. ad sidcfohe les ek. I I findicales die Gate spanl wich
5 mc fl c [l~cit: (l.ie stllt and stop) indicators. A-2 Is tie time between tile
Qc~ ofW idlGt passliamid andk the - (111 Gaite stop in.T3. equtai to 1T2. is th

[Ine Ile:Ot "\ Qs Ie die Gaic stop (11im ad dieC point where (Ite tiler Cinst reaches thle
C\ Ci of, lie lwllesi (1,a1C ,idclobe. I hec Gate chaiaeerisnes WI' each Gate shape

.1"'' !N Gisic! illl ladle

(,~ ~ % I ~SSi1)S)Ilt D (10l.1' ITNE NuIN INIL'NI
>1] 'I'i Il~', L 1L\ EIS -1 2 = T3 GATE SPAN

m1~\LN 0.4o) (I t3 24 d 13 0.6,' I:SPAN 1.2, F SPA N
\OR\1 \L 0.04 d113 -45i B1.4 FS I'A N 2.8/ FSPA\

* AIDL -0.02 dl - B i 4.0 FS I)AN.I 8.01/ F S P,\
\1 \I\It \11 0.01 d1i -80 d11. 1 1.2 FSI'AN Fi SIPA.\

ICIc X i RipjpCic Ild Slde lolh Le \ cis a IC dese i lpt i e of' tile ga e fi'it er) shapne.
1te l T o ime. '12 =I 3w see ale I 8). liidicaies hlow f'ast the o.ate lter 1,61s

ol. I "-) eaIch arsIte.i Iieie il aikuo a \1 [i iil Gate SRI il llI mii T-
JILi.C 1ldim .IS Umsill k)' /Co 1 ci u c I il .1 jilmc sp~itn SntaiieI llfl, in i -

illli 51 iocile disINOVie f'lit shaipe Hat il haJJ Ime iio pass ,boad. will not
Ia C aIt~ilO5CIshtapke. 11,1 \ liase Ilti. sidelolie levels. atid wvil gitve all itcoc-

cci indicationl Of t atc SI \ I* an1d S"11 OI' imes. Threore, it is Imiportant :0o
as selet ai Gate span thait Is hiudier thi'mitile minimum valuie. The CuI~tff

t11( '1e 1 a ite: Viii in tnti (I i .11e Sp tiI- i Mi-n cisl\ proporJItional to th L C CLience
<Xli 01til liasiiclteli asiitdeatc n I,11iC 18.

)Qr cs I% Csiiuisiiiz Ga iiii. it i iilpoiati to ;is c5center thle Gate arlound thle
esil~i 1 s t ,onl sA'1111 tO lektallti oIV t1he Ilcamlcmit and to make tile Gate

'I)1 11 0ke lilu 11 to in1clude all of 1os110m ites It Is als"o -ceotittende1Qd to ulse

O~yalrilcyeto DTJC does not
Perm" fuJIy legible rePrOCIUM~
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NIL \ ,I, R L:\ILN F IELCON!BlN DATIONS

\ic mimiin Time Domainl m sre ntIt is genleralh". a good practice to
meaC surIe thle dte\ ce within the fr-equenlcy range that It is designed to operate.
I !ere Ire two reasons for thils. First, thle noise floor of the Tille Domain
res ponse is directl% related to the noise in the Freqluency Domain data. There-
"ore,.t mlanyv of' the Frequency Domain data points are taken at of- below the
noise floor ofC thle misurenien. then Whe noise floor of the Time Domain JIIca-
Sw~ efitel"I Vwif1 be Hincreased. A second reason to measure thie dev Ice within its
ojneiatii, fieenc': ran~e is becauILse thle in band response is normlly of interest.
T ie Time Domain measurement: is anI a \ ra Le of thle response over the frIeauencv

Sor* thle miwnret ien t. and if' thie Fr'eq uccI Domain data Is measured out1 Of
Kind, heln tlie Timie Domain mnS1easurelet will aliso be the out of band response.

1- we%. tr. since thie Time Domiain Response- ResoLut Ion Is In\versely proportional to
he !tequenc%, span. it miay at times be desirable (with these limitations in mind) to

uIse a frequency span that Is slightly wider than the device bandwidth to give
1Ue~ter sutin

ource Considerations

-\ tOWZIh either- source will work well in makingz Time Domtain mneasurements. tihe
P P "340A S. nthes.zed sweeper has thie advantage that it provides greater-

ann : n~ethil tile HP 835013 Sweeper. Thle main reason for this is the
VctAIC\ C'i bii'. of1 S\ thelsizedl source. Thle Small nonlinearities and phase

(ICsonInun eIS that1 oQCcur Inl thle ramp swe~ep mode cause low level noise sidebands
onteTilrue Dorn1inIn 11pulse or' Step st un u 1Lus. These inter Cere in measurements

1niirn 1 are dvn11a111 nicange. Perform a TRIMI SW EEP adjuIstment bet ore
k:;Iit ann to 11elp minm111ize the0e noise sidebands. Adjusting trim sweep is e,\-

p iilcd '1t the end of' thle Section of' this maultitled Mleasu1rement Calibration.

I;' LhQ I IP " 1-0A.,\ IWINtsized) IStep swVeep Mode. lIte improvement in sourIce
Ch i I ciii e nii liese nioise sideba nds and iiiprov es tilie Tilie Doiia in inasure-

da 11111 hV Inti 1111.10 dv as )uha 0 dB. A Second iilnpr-oxemlent is that thie HP
0 tcprxu S'.Qc; C itode allows (lie uise of Iiranv '. era zes per- Point without.1

t feti~t: svweep timle. aiild this lowecrs thle noise floor of* the Timle
L 'a ae.i s mciiear I isrecinmenedto perform a Tr in Sweep ad;just iellt

:i-o to ,O ijrt n~wlien ma king iniea'su retiits inI the ratin p sweep node to in ini -

copy Oa1Kj oD; o

pernI~ fl egible leproducton

I in1C Doitta in \Itii etent -

D-30)



Operaiting aind Programmiing H-P 85 10 Netisork Analyzer

Test Set Considerations

The bridgc-based test sets (HP 851 3A arnd 1-11" 85 1 5A) have two advantages over
thle coupler-based test sets (HP~ 8512A and HP 8514A) when making Time Do-
Main measurements. First. thle bridge-based test sets extend in frequency to 26.5
GFz. versus IS GHz for the coupler-based test sets. When measuring broadband
devices, this extra bandwidth provides better Time Domain Response- Resolution.

Thle second advantage is that the bridge-based test sets have a Fiat response down
o 45 M~lzL whereas tie cou~pler-based test sets begin to roll off (but are Stil

usable) below 500 )\lHz. Trhis coupler roll off reduces the dynamic range avaI-
aible at tile low frequencies (-30 dB at 45 MHz) and theref'ore Increases the Time
Domain noise f'loor when ncurietsare made at those frequencies (this caus-
es the trace bounce in [le LwPaiss Step response).

P*=aft b'117 legtbivi zeproductior-
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